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Mineral exploration often relies on sedimentary indicators as first signs of a potential nearby mineralization in
bedrock. The transportation of sediment by glacial and fluvial processes introduces uncertainty into the tracing
of potential source areas of the sediment. This is particularly challenging in areas where glacial erosion has been
weak, resulting in reworking of sediments and multiple directions of transportation. In this study we explore the
use of Terrestrial Cosmogenic Nuclides (TCN) alongside conventional mineral exploration methods to better link
indicators with their potential source areas.

The study focuses on a mineral exploration project site in northern Finland in a region with stratigraphic
evidence of multiple glaciations. The project targets the source of discovered Au mineralized erratic boulders that
have been deposited atop the most recent till unit. The superposition suggests transportation in the latest glacial
event. However, the 10ge (35.9 &+ 1.3 and 30.3 £ 1.1 ka) and 26A1 TCN ages analyzed from the mineralized
erratics precede the latest glacial event, suggesting the possibility of multiple stages of transportation. The local
bedrock TCN inventories (48.9 + 1.9 and 85.3 + 2.8 ka) are well preserved, suggestive of weak glacial erosion
and therefore short recent transportation distances for the mineralized erratics. By combining the TCN inter-
pretation and historical ice flow directions derived from the till stratigraphy, we suggest a nearby source locating
NNW of the dated erratics.

We find that TCN dating can limit some of the transportation related uncertainties in glaciated terrain.
Through the analysis of TCN inventories from bedrock and boulders it is possible to characterize glacial erosion
and boulder transportation, and to identify repeated exposure events, i.e., the possibility of multi-staged
transportation. The method benefits from combined use of stratigraphic investigations that can identify both
the local transportation directions and local glacial coverage history. TCN sampling has a minimal environmental
impact, can be used in remote areas and can provide information about the transport history already in the early
stages of exploration. Although the analysis is time consuming, the survey is light to conduct and informative
even with a small number of samples.

1. Introduction

Sediments are a commonly used tool for identifying potential source
areas of mineralized bedrock. The interpretation of how the sediment
has been transported varies according to the sedimentary environment.
In mineral exploration in glaciated terrain the possibility of trans-
portation by various glacial, glacifluvial and fluvial processes needs to
be accounted for. The sedimentary cover poses challenges for mineral

exploration throughout the Northern Hemisphere and requires many
greenfield and some brownfield projects to use different kinds of sedi-
ment sampling surveys in the search of mineral deposits. Till is generally
accepted as a geochemical sampling medium in mineral exploration,
although it contains inherit uncertainties that can make it difficult to
trace the origin of anomalous samples (Nichol and Bjorklund, 1973;
Levson and Giles, 1995). The difficulties are amplified in weakly erosive
regions where the sediment cover can be complex and composed of
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multiple reworked till units (Hirvas, 1991; Lunkka et al., 2013).

Glaciers generate till by recycling underlying sediments and eroded
bedrock, distributing this material along the movement direction of the
glacier (cf. DiLabio, 1990, Aario and Peuraniemi, 1992 and McClena-
ghan and Paulen, 2017). Immature tills in which the local bedrock
component is large can carry geochemical resemblance to their bedrock
source. Such tills can contain geochemical trains or fans that can be
traced back to their bedrock source (Bradshaw et al., 1974; Klassen and
Gubins, 1997), typically following the most recent ice flow direction
(McClenaghan et al., 2000).

However, if the till is mostly composed of previously eroded sedi-
ments (e.g., pre-existing tills), the transportation vector of the new till
unit will reflect both the new transportation direction and the direction
(s) of the pre-existing till. Such multi-staged transportation has been
documented to complicate provenance tracing of erratics and
geochemical samples within glaciated regions (e.g., Hirvas and Neno-
nen, 1990; Parent et al., 1996). However, in some cases, in particular in
areas where glacial erosion has been repeatedly weak, the trans-
portation path of erratics can be more complicated to decipher (Salonen,
1986). If the difficulty in erratic tracing derives from the erratic being
transported in multiple glaciations, as concluded about parts of Central
Finnish Lapland by Salonen (1986), the erratics and local bedrock could
record indications of this in their TCN inventories. If so, TCNs could be
used to identify the possibility of multi staged transportation already in
the early stages of exploration.

One way to reduce uncertainty in the source areas of glacially
transported sediment is to quantify the erosion and transportation his-
tory using terrestrial cosmogenic nuclides (TCN). TCNs are nuclides that
are produced in rocks within a few meters of Earth's surface when they
are exposed to secondary high-energy radiation from space (Dunai,
2010; Schaefer et al., 2022). TCN dating method uses the small but
measurable concentrations of the cosmogenic radionuclides to estimate
the exposure duration of rock samples. The usefulness of the method can
be further broadened by measuring multiple radiogenic TCNs. TCNs
such as 2°Al and '°Be have a steady production rate ratio but differing
half-lives. The ratio can record interruptions in exposure (Gosse and
Phillips, 2001) and details of erosion events and surface erosion (Hall
et al., 2019). Using two TCNs therefore provides the apparent exposure
age like the single nuclide approach, but also insight on the erosion and
exposure history i.e., reburial of the samples (Corbett et al., 2013). Thus,
TCNs could be used to identify the possibility of multi staged trans-
portation already in the early stages of exploration.

In this study we explore the potential benefits of adding TCN analysis
to conventional exploration methods in tracing mineralization source
areas. The study is conducted at an orogenic Au prospect in the Central
Finnish Lapland. The region is perceived as being a weakly erosive ice
divide area with high variability in sequential ice-flow directions (Kle-
man et al., 1997). It hosts active green and brownfield exploration
(Niiranen et al., 2015) and is widely covered by a complex glacial
sediment stratigraphy (Hirvas, 1991). The prospect at Kaarestunturi is
based on the discovery of surficial Au mineralized quartz vein erratics.
The source of the erratics is unknown, the erratics are autochthonous
and locate on complex sediment beds. Tracing the erosion resistant and
pathfinder element poor quartz veins in quartzite rich environment is
challenging for geophysical and geochemical methods. The project is
optimal for testing alternative methods for erratic tracing. For the study
we measure the 1°Be and 2°A1 TCN inventories of two mineralized quartz
erratics and two local bedrock outcrops and document sediment stra-
tigraphy from five machine cut trenches. The TCN and stratigraphic
results are used to study local glacial history, erosion and transportation,
and the exposure duration of the mineralized erratics. The TCN results
and local glacial history studies provide new information on the possible
source area of the mineralized erratics. Last, we discuss the wider
applicability of TCN dating in exploration.
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2. Study area
2.1. Geological setting

The Finnish central Lapland is both an historical and active region for
mineral exploration. Currently the region's primary metal products are
Au, Ni and Cu, from the Kittila and the Kevitsa mines. The Finnish
Central Lapland is mostly composed of the Paleoproterozoic Central
Lapland Greenstone Belt (CLGB). The belt is seen as a host for orogenic
gold deposits (Niiranen et al., 2015). CLGB resides mostly in a region of
weak glacial erosion (Ebert et al., 2015) where the sediments widely
cover the bedrock (Hirvas et al., 1977). Most of the bedrock outcrops can
be found at topographical highs where resistant lithologies stand out as
fells in the flat landscape. The study area at Kaarestunturi fell is mostly
covered by till and boulder fields, and at low elevations peatland
(Fig. 2B). Outcrops of the varying quartzites can be found on some of the
peaks and slopes (Fig. 2A).

2A. TCN sampling sites, studied trenches and erratic quartz boulders.
CRE-01 and CRE-02 are dated erratics and CRE-03 and CRE-04 are dated
bedrock outrcops. AMT-1801 to AMT-1903 are studied trenches on the
southern and eastern side of Kaarestunturi fell. The red line C-C' marks
conceptual cross section in Fig. 2B.

2B. Conceptual cross section C-C illustrates the topographic posi-
tions between the terrestrial cosmogenic nuclide samples and the gen-
eral sediment stratigraphy south of the fell. The profile runs from a SE
peak of the fell to the water table at the Kaareoja brook.

2.2. Glacial setting

Lapland has experienced up to five glacial advances in the last glacial
cycle, c. 10-110 ka (Johansson et al., 2011). The cold period is referred
to as the Weichselian in Scandinavia and it spans from Marine Isotope
Stage (MIS) 2 to MIS-5d (Railsback et al., 2015). Ice did not advance
across Finnish Lapland in every Weichselian stadial and the evidence of
ice cover is more extensive in Western Lapland, closer to the glacial
nucleation center (Helmens et al., 2000; Helmens and Engels, 2010;
Lunkka et al., 2015). Current evidence suggests that the study area in the
Sodankyla municipality was glaciated between two and four times
during the Weichselian glacial period (Salonen et al., 2008; Sarala and
Eskola, 2011). Such uncertainty is characteristic to areas with conti-
nental glaciers. The evidences of earlier glaciations are often destroyed
by younger glaciers, or buried underneath new glacigenic sediments.
This leads to sparse observations and subsequently difficulties in
establishing the local glacial chronology. The extent of the latest
Weichselian glaciation are relatively well known (Hughes et al., 2016),
but the extents of the earlier Weichselian ice advances are still uncertain
at the study area (Sarala et al., 2015; Aberg et al., 2020; Sutinen and
Middleton, 2021). Glacial events are significant to both the interpreta-
tion of the TCN ages (Corbett et al., 2013) and glacial transportation of
geochemical indicators (Parent et al., 1996).

The historical glacial transportation directions within the CLGB have
varied extensively. Near the study area the directions have varied from
NW-SE during Early Weichselian to NNW-SSE in Middle Weichselian to
SW-NE in Late Weichselian (Hirvas et al., 1977; Harkonen et al., 1981;
Bouchard and Salonen, 1990; Hirvas, 1991; Kleman et al., 1997; Aberg
et al., 2020). Sequential ice-flow events can rework glacigenic sedi-
ments, the reworking can create asynchronous dispersal fans and over-
printing palimpsests (Parent et al., 1996). Establishing a connection
between a reworked dispersal fan and its bedrock source can be difficult
for exploration (McClenaghan et al., 2000), and particularly problem-
atic if the reworked character of the dispersal fan is not recognized.
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Fig. 1. A lithostratigraphic map of the Central Lapland Greenstone belt (CLGB). The CLGB rock types are color coded and the Archean basement and Paleo-
proterozoic intrusive units are presented in white. The study area of Kaarestunturi is marked with a box. Modified and reproduced from GTK's Bedrock of Finland
1:200,000 data, under GTK open license CC BY 4.0, imported from Hakku service on 1 December 2022.

3. Materials and methods
3.1. Terrestrial cosmogenic nuclide dating using '°Be and ?°Al

3.1.1. TCN theory and data interpretation

Cosmogenic '°Be and 2°Al are rare radioisotopes produced in-situ in
specific minerals (primarily quartz) near the Earth's surface, due to
irradiation by secondary high-energy particles (Davis Jr and Schaeffer,
1955; Lal and Peters, 1967). The principle in TCN-dating is that the
concentration of the cosmogenic nuclides grows as a function of the time
a sample has spent at or near the Earth's surface until the TCN inventory
reaches secular equilibrium. Thus, higher concentrations generally

mean longer exposure to the cosmogenic radiation flux. Due to the
exponential attenuation of the (energy) flux in the crust, TCNs that are
produced are most abundant in rock exposed at the surface (Fig. 3). Ata
depth of ~3 m, '°Be production is already virtually null, and the
behaviour of 2°Al is similar. Although surface exposure is a key factor
affecting the concentrations of TCNs (i.e., the TCN inventory) in a
sample, the concentration is also affected by several other factors,
including: (1) the exposure duration (single, continuous exposure or
complex multi-exposure histories in the case of intermittent shielding
from cosmic rays); (2) the production rates at the site, which vary due to
atmospheric shielding (altitude) and magnetic field effects (latitude); (3)
site-specific factors such as snow, sediment and vegetation cover; (4)
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surface erosion and removal of rock near the surface; and (5) the
radioactive decay of the cosmogenic nuclides (Gosse and Phillips, 2001).
Knowing or estimating the aforementioned factors allows estimation of
the minimum exposure ages from the TCN inventories (i.e., dating
them).

Because TCNs form at and near the surface, the existing TCN in-
ventory of an outcrop surface can be fully removed when the erosion
reaches depths of ~3 m. Such erosion may occur in a single highly
erosive event, forming what termed an event surface (Phillips et al.,
2006). Incomplete removal of the TCN inventory from less erosion, on
the other hand, creates surfaces with inheritance (Corbett et al., 2013;
Hilger et al., 2019; Andersen et al., 2020). Inheritance is common on tors
and in former glacial ice divide regions where glacial erosion has been
weak or non-existent. Inheritance allows TCN inventories to be used to
quantify depths and rates of erosion (Margreth et al., 2014; Hall et al.,
2019).

Measuring a single terrestrial cosmogenic nuclide suffices for sam-
ples and environments where the exposure history is expected to be
continuous, however measurements of multiple TCNs can provide in-
formation about both the sample's exposure and burial history (Granger
and Muzikar, 2001). The radionuclides 2°Al and '°Be form at different
rates and have different half-lives (1.4 Ma for °Be and 0.7 Ma for 2°Al
(Chmeleff et al., 2010, Korschinek et al., 2010). Because burial dis-
proportionally depletes the concentration of 2°Al compared to °Be, the
26A1/19Be ratio can be used as an indicator of complex exposure and
burial history (Bierman et al., 1999; Corbett et al., 2013). However, the
reliability of the ratio as a burial indicator rests on the knowledge of the
local TCN production rate ratios during exposure. In nature ratios vary
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spatially and temporally from 6.75 (Argento et al., 2015) to 7.3 at Arctic
latitudes (Corbett et al., 2017).

3.1.2. TCN sample collection strategy

Four samples were collected from the southern side of the Kaar-
estunturi fell (Figs. 2, 4) following the guidelines in Gosse and Phillips
(2001). Samples CRE-01 and CRE-02 were collected from gold bearing
quartz-vein erratics, while samples CRE-03 and CRE-04 are from quartz
arenite outcrops of the Kumpu group at a summit and the southern slope
of the Kaarestunturi fell (Fig. 2A). The specific quartz-vein erratics were
chosen due to their large size and tabular shape. The tabular erratics are
likely to lay on either of the two faces. This mitigates some of the un-
certainty that comes from the possible overturning or irregularly shaped
boulders (Tylmann et al., 2019). As the possible overturning would only
lead to underestimation of the ages so, the measured erratic TCN ages
will be valid as minimum exposure ages.

We systematically collected all samples from minimally shielded
horizontal or near horizontal surfaces using a rock saw, avoiding
rounded or chipped edges in the process. Sample coordinates and ele-
vations were recorded with a handheld GPS receiver and shielding by
surrounding topographical slopes was recorded using a compass and a
clinometer. The quartz content of the samples is >70 % (Table 1).

3.1.3. TCN sample preparation and analysis

The samples were prepared at the CALM (Cosmonucléides Au Lab-
oratoire de Meudon) laboratory in France. We analyzed both 26A1 and
10Be given the possibility of multiple exposure events. All samples were
crushed and sieved to the 250-710 pm fraction. We used magnetic
separation and mineral flotation techniques prior to chemical etching
procedures modified from Kohl and Nishiizumi (1992) to separate and
purify the quartz fraction. Quartz purity was assayed using ICP-OES. Up
to 450 pl of a commercial 9Be carrier (Scharlau) was added to each
sample. Beryllium extraction was carried out using methods modified
from Child et al. (2000). Beryllium isotope ratios in the samples and one
procedural blank were measured at ASTER (the French Accelerator Mass
Spectrometer located at CEREGE, Aix-en-Provence). Data were nor-
malised directly against the National Institute of Standards and Tech-
nology (NIST) standard reference material 4325 using an assigned
19Be/“Be ratio of (2.79 + 0.03) x 10~ (Nishiizumi et al., 2007) and a
10Be half-life of (1.387 £ 0.012) x 10° years (Chmeleff et al., 2010;
Korschinek et al., 2010). To ensure that enough 27 Al was present in the
parental solution of all samples, aliquots of ~0.5 g were removed for
ICP-OES analyses. Based on the results, up to 1200 pl of a commercial
27A] carrier (Scharlau) was added to each sample. Aluminium isotope

-*

T

’ “'-Q;_’”‘. e

Fig. 4. A drone photograph of the sampling site for CRE-01 and 02 quartz
erratics. For location see Fig. 2. The diameter of the erratics is up to 2.5 m. The
quartz erratics outlined in magenta were moved during excavation. Photo by
Veikko Peltonen.
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ratios in the samples and one procedural blank were measured at
ASTER. Data were normalised directly against the in-house standard SM-
Al-11 with an assigned 26A1/?7Al ratio of (7.401 + 0.064) x 1012
(Arnold et al., 2010).

Analytical uncertainties (reported as one sigma) include a conser-
vative 0.5 % uncertainty based on long-term measurements of stan-
dards, a one sigma statistical error on counted 108¢ and 2°Al events, and
the uncertainties associated with the chemical and analytical blank
correction; the 108 /9Be blank ratio was 5.99 x 10~'° and the 2°A1/%7Al
blank ratio was 1.80 x 10715,

3.2. Quaternary stratigraphy and fabric measurements

The local stratigraphy was studied from five machine-cut trenches
dug for ore exploration on the south and east sides of the Kaarestunturi
fell. The trenches used for the study are AMT-1801, AMT-1808, AMT-
1901, AMT-1902 and AMT-1903 (Fig. 2). The lithofacies codes take
after Eyles et al. (1983). Seven fabric measurements were conducted in
the trenches to study past ice flow directions. Each fabric calculation
consisted of measuring the a-axis orientation of 25 clasts. Measured
clasts were longer than 2 cm in length and have a- to b-axis ratios >2.
Clasts that were disturbed by clast-to-clast contacts or proximal to large
boulders were not measured.

3.3. Optically stimulated luminescence (OSL) measurement

One interbedded sand unit in trench AMT-1903, east of the fell was
dated by OSL. Sample KJ-191 was collected from AMT-1903 at 4.2 m
depth from within an interbedded sand unit. The sample was gathered
by hammering a 5-cm PVC tube into an undisturbed, freshly cleaned
section of the sediment crosscut and covering the sand-filled tube with
foil after extraction. The on-site gamma dose radiation was measured
with an ICx-IdentiFINDER digital gamma spectrometer with a 1.4” x 2
Nal (Ti) detector. The gamma measurement included cosmic radiation.
The actual gamma dose was calculated with an estimated water content
of 20 % according to Aitken (1985). The analysis was conducted at the
Luomus laboratory at the University of Helsinki. The target mineral for
the OSL measurement was quartz, of which the 210-297 pm diameter
size fraction was separated and etched with 40 % HF and 10 % HCl for 1
h and 30 min, respectively. The beta dose rate was measured with a Risg
TL-DA-12 reader (Botter-Jensen and Duller, 1992; Bgtter-Jensen et al.,
1999). The OSL sample preparation is described in more detail in Sal-
onen et al. (2008).

3.4. Erratic sampling survey

The erratic sampling survey was conducted by the company Aurion
Resources LTD as a routine step of mineral exploration on the tenure.
The erratic dataset consists of 1238 quartz vein erratic samples from the
site. The sample collection was done by hand and ultimately included
most surficial quartz vein fragments found on the site. Documentation
included approximating the size of the erratic/boulder and recording its
location with a handheld GPS. Geochemical assays or mineral de-
scriptions from the erratics are not used in this study.

4. Results
4.1. TCN inventories

We report here the sample minimum surface exposure ages based on
the 1°Be and 2°Al concentrations and using the “St” scaling scheme
(Stone, 2000). The scheme assumes constant nuclide production rates
and does not account for variations in the magnetic field (Balco et al.,
2008). In the exposure age calculations we used °Be and 2°Al produc-
tion rates derived from the primary calibration dataset of Borchers et al.
(2016) and version 3 of the online calculator formerly known as The
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Table 1

TCN sample characteristics.
Sample Sample type Municipality Latitude (DD) Longitude (DD) Elevation (m a.s.l.) Sample thickness (cm) Shielding correction Density

(g cm-3)

CRE-01 Erratic Sodankyla 67.5517 26.2467 246 5 1 2.584
CRE-02 Erratic Sodankyla 67.5517 26.2466 246 5 1 2.584
CRE-03 Outcrop Sodankyla 67.5564 26.2357 367 4.6 0.998 2.745
CRE-04 Outcrop Sodankyla 67.5498 26.2363 226 5 0.999 2.646

CRONUS-Earth online calculators (Balco et al., 2008). Due to limited
information about past erosion rate and snow shielding, the results are
presented both with and without those corrections (Tables 3 and 4). The
modern vegetation in the northern boreal zone is light; a partial weak
moss covered the sampled quartz erratics and the bedrock locations had
no vegetation cover at the time of sampling. We consider the effect of
vegetation shielding to be minimal and do not estimate corrections for it.

The apparent °Be ages of the CRE-01 and CRE-02 erratics are 37.8
+ 1.2 ka and 29.5 + 1.0 ka, respectively. The 10g¢ ages of the outcrop
samples CRE-03 and CRE-04 are older, 50.3 + 1.6 ka and 91.0 + 2.4 ka,
respectively. The 2°Al/ 1°Be ratios correlate nearly linearly with the
exposure age, except for CRE-01 whose 2°Al/!%Be ratio of 6.48 deviates
downwards. The 2°A1/1%Be production ratio resulting from the use of
Borchers et al. (2016) production rates is ~7.0, slightly higher than the
~6.75 by Argento et al. (2015) but in line with what is suggested in
Corbett et al. (2017).

4.2. Shielding- and erosion-corrected TCN exposure ages

The TCN inventory accumulation is consistently suppressed by snow
shielding and reversed by surface erosion. According to the Finnish
Meteorological Institute the modern average annual snow thickness in
the region is 26 cm. We correct for the annual snow shielding by adding
the snow cover as a virtual site-specific sample thickness and extrapo-
lating it over the exposure history of the sample. Slightly thinner snow
cover is assumed on the peak of the fell for CRE-03 (Fig. 2). We apply
erosion rates from 0.5 to 0.9 mm ka ™! (Stroeven et al., 2002; Balco et al.,
2014) to the samples according to their quartz richness. For the purpose

AMT-1901
216 m.asl

AMT-1902
218 m.asl

AMT-1903
229 m.asl

of our discussion, we consider the corrected exposure ages to be the most
representative exposure ages (Table 4).

4.3. Sediment stratigraphy

Five stratigraphic sections were logged from five machine cut
trenches (AMT-1801-AMT-1903) on the study site (Figs. 2, 5). The
trenches situate near and at locations where mineralized quartz vein
erratics have been sampled. We observed total of 4 till units (abbrevi-
ated as TU-1-TU-4) and sorted sediment units. One sorted sediment was
dated by OSL to being 79 + 13 ka old, the sand unit is interbedded
between the TU-1 and TU-2 till units in trench AMT-1903.

Till unit TU-1 is a matrix supported weakly packed diamicton. The
unit composes of a sandy matrix and approximately 20 % clasts. Clasts
mode is in the pebble size range. The fabric calculation produces a SSW-
NNE orientated rose diagram. Till unit TU-2 is a clast supported
moderately packed diamicton. The unit composes of up to boulder sized
clasts with a mixed clay rich matrix. Clasts mode is in the boulder size
range. Due to the clast supported nature of the unit, a fabric calculation
was not possible. Till unit TU-3 is a matrix supported weakly packed
diamicton. The unit composes of a sandy matrix and up to 70 % clasts.
Clasts mode is in the boulder range. The unit hosts the largest boulders of
all the observed till units. The till unit has a SSW-NNE fabric. The fabric
was measured from two trenches (AMT-1901 and AMT-1903). A fabric
measurement was conducted from a thin diamicton unit in between the
TU-4 and TU-3 in AMT-1901, the rose diagram was incoherent. The unit
itself is possibly a part of the TU-3 or TU-4 as it was not encountered in
other trenches. Till unit TU-4 is a matrix-supported, very weakly packed

AMT-1801
242 m.asl

AMT-1808
248 m.asl.

RE-01
. CRE-02

OSL sample
KJ-191
79 +13 ka

b2 7 il unit 4

Till unit 3
g Till unit 2
Till unit 1

Fig. 5. Kaarestunturi sediment stratigraphy. Stratigraphy logs are drawn from machine cut trenches AMT-1801 to AMT-1903 south and southeast of Kaarestunturi

fell. For locations, see Fig. 2.
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diamicton. The unit composes of a sandy matrix and approximately 20 %
clasts. Clasts mode is in the pebble size range. The fabric calculations
produce incoherent and inconsistent rose diagrams, they were measured
in AMT-1903 and AMT-1801.

4.4. Mineralized erratics at the study site

The mineralized erratics indicate potential for near-surface gold
mineralization in the region. The undiscovered mineralization is hosted
in a quartz vein system that is likely buried under sediments. The
discovered quartz erratics are found both indiscriminately around the
study area and in dense NNW-SSE orientated trains (Fig. 2A). The
recorded erratic volumes are larger in the NNW parts of the trains and
decrease towards the SSE. The apparent spatial distribution is possible
partly biased by human sampling. Erratic sampling creates spatial false
negatives in highly vegetated and in peatland areas where the mineral
sediment is difficult to observe. False positive erratic occurrences are
very unlikely.

5. Discussion

Mineral exploration in glaciated regions is typically concerned with
the most recent glaciation (e.g., McClenaghan et al., 2000) and the
associated ice-flow direction. This is often sufficient and can lead to
successful tracing campaigns, but there are scenarios where earlier
glaciations play a role in geochemical mineral exploration (Parent et al.,
1996). In this study the TCN ages of the dated erratics precede the latest
glaciation, showing that the samples have been exposed in an earlier ice-
free event. The stratigraphic investigations from the trenches AMT-1801
to AMT-1903 identify a complex and well-preserved stratigraphy. This
alongside the well preserved bedrock TCN inventories indicate weakly
erosive and repeatedly glaciated area. The observations are in line with
earlier studies (e.g., Salonen, 1986; Hirvas and Nenonen, 1990; Stroeven
et al., 2002) and suggests that mineral exploration should consider the
possibility of reworking of till material.

5.1. The Weichselian glacial cycle in the study area

Kaarestunturi area hosts at least four till units (Fig. 5), as is typical in
the region (Hirvas, 1991). The oldest till unit (TU-1) is located below the
sand unit dated at 79 + 13 ka (MIS-5a) using OSL and the till unit
therefore likely represents a glaciation during MIS-5b or earlier. The TU-
2 till corresponds to a younger glacial event between MIS-4 and MIS-2,
thereafter, possibly signaling the presence of the middle Weichselian
glaciation. The TU-3 unit likely corresponds to the Late Weichselian
advance in MIS-2 in the Sodankyla region and the “Till Unit II” of Hirvas
(1991). The uppermost TU-4 is interpreted to be a Late Weichselian
deglaciation ablation till. The KJ-191 OSL age of 79 + 13 ka can
constrain the ages of TU-2 and TU-1 chronologically, but the correlation
of these older till units with known glacial events remains ambiguous
(Aberg et al., 2020).

The generalized ice-flow directions during the aforementioned gla-
ciations are: NW-SE in the Early- (MIS-5b/5d) and Middle Weichselian
(MIS-4), W-E in Late Weichselian (MIS-2) and topographically
controlled and discordant in the Late Weichselian deglaciation (MIS-2)
(Hirvas, 1991; Kleman et al., 1997; Johansson, 1998; Salonen et al.,
2014; Lunkka et al., 2015). The results of this study, alongside those of
from a nearby study (Harkonen et al., 1981), suggest a SW-NE local ice
flow direction in the late-Weichselian glaciation (MIS-2).

5.2. Glacial erosion in the study area

The apparent TCN ages of 53.0 + 1.8 ka (367 m a.s.].) and 98.0 £ 2.8
(226 m a.s.l.) from bedrock samples CRE-03 and CRE-04 (Table 4) are
considerably old. The apparent ages are comparable to or older than
those in nearby tors (55.8 ka and 89.1 ka) (Darmody et al., 2008).
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However, the highly decayed 2°Al/!%Be ratios (4.7-5.3) in Darmody
et al. (2008) show that the tors have been exposed much longer overall —
the exposure has been interpreted to span over 14-16 glaciations. The
26A1/1%Be ratios (6.3-7.0) at Kaarestunturi are higher, showing that
although similarly in apparent age, the TCN inventories at Kaarestunturi
are younger than the tors in the region. However, the TCN inventories of
CRE-03 and CRE-04 presumably also formed in complex sequences of
exposures and burials. Together with the well-preserved complex stra-
tigraphy, the TCN results suggests weak glacial erosion and cold based
conditions with sluggish ice movement and consequentially, short
glacial transportation distances (Waller, 2001; Naslund et al., 2003; Hall
et al., 2015). Weak erosion would mean that the mineralized erratics
have been mobilized by shallow erosion of near-surface bedrock.
Although the study area has not experienced pervasive erosion in recent
glaciations in general (Ebert et al., 2015), trench AMT-1808 (Fig. 2) may
document a location where recent erosion has been stronger. The stra-
tigraphy for this trench is comprised solely of the TU-4 unit (Fig. 5), with
no older preserved till beds. This could suggest that the site experienced
topographically steered, limited erosion during the most recent degla-
ciation (feature also reported by Hirvas (1991)).

5.3. Erratic exposure and inheritance in the TCN inventories

The apparent TCN ages of the erratics (39.2 + 1.3 ka and 30.6 + 1.0
ka, Table 4) predate the current ice-free period, which can only account
for approximately 10.4 ka (Stroeven et al., 2016) of the exposure age of
the samples. Thus, the TCN ages contain inheritance from exposure
during one or more earlier ice-free periods. This means that multi-staged
glacial transportation of the erratics is possible in the study area,
although not required. It is also possible that the samples were eroded
from bedrock with similar TCN inventories. In this case, multi-staged
transportation would not have been required to produce the large TCN
inventories. However, even in a near surface vertical vein system, the
surrounding wall rock would shield the veins from most of the radiation
(Fig. 3) meaning that accumulating significant amounts of TCNs would
take a long time. This could be the case with CRE-01, whose 2°Al/!*Be
ratio is disproportionally depleted, however, same does not apply to
CRE-02 (Table 3). Ultimately the proportions of accumulated TCNs are
difficult to define, and it is possible that the inventories compose of
nuclides attained both as a part of bedrock and as mobile erratics.

5.4. Linking the TCN ages to the glacial history of the study area

Thick continental glaciers shield the ground surface from most of the
cosmogenic radiation flux and, in practice, interrupt the accumulation of
TCN in shielded samples during these periods (Fig. 3, (Gosse and Phil-
lips, 2001)). This means that during local glaciations TNCs are not
produced in the samples and the time periods are not included in the
apparent age of the samples. Here we include the glaciations ex post with
the assumption that they have been sufficiently thick (>35 m, see e.g.,
Miller et al. (2006)) to shield the samples from most of the radiation flux.
By projecting the apparent exposure ages against a local glacial shield-
ing model, the TCN ages portray a chronological image that includes
glaciations (Fig. 6) and allows estimations on initial exposure events or
on erosion events of corresponding samples. However, the estimations
are limited by the accuracy of the interpreted shielding history. The
current knowledge of past glacier extents and thicknesses in the study
area are limited, making the interpreted shielding conditions tentative.
The provided interpretation of glacial shielding at the study site (Fig. 6)
is primarily rooted in regional OSL and *C dating results (Nydal et al.,
1970, Heikkinen et al., 1974, Hirvas and Kujansuu, 1979, Jungner,
1979, Hirvas, 1991, Hirvas et al., 1981, Helmens et al., 2000, Sarala and
Eskola, 2011, Abcrg et al., 2020, Table 2.) and is influenced by e.g.
Johansson et al. (2011). The most recent MIS-2 glaciation is relatively
well studied (Hughes et al., 2016, and references therein) but the extents
and durations of the older glaciations are still under debate (Helmens
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Fig. 6. A glacial shielding model for the Kaarestunturi study area. Approximated local glacial coverage history of the study area and accordingly modelled TCN-
samples (Table 4). Apparent TCN ages from Kaarestunturi plotted against a glacial history model of the area. Glaciated periods are interpreted from '*C and OSL
ages, NGRIP- and MIS-records. 14¢C and OSL ages are sourced from Nydal et al. (1970), Heikkinen et al. (1974), Hirvas and Kujansuu (1979), Jungner (1979), Hirvas
et al. (1981), Hirvas (1991), Helmens et al. (2000), Sarala and Eskola (2011), /f\berg et al. (2020) and Table 2. between latitudes 67° and 68° in Finnish Lapland. Each
dating is presented with a tick on the x-axis and the blue line plots their frequency. The NGRIP §'80 record follows Kindler et al. (2014) and the MIS-record the
interpretation of Railsback et al. (2015). Ice flow directions from 1: Hirvas (1991) 2: Harkonen et al. (1981), Salonen et al. (2014), Abcrg et al. (2020) and 3: Lunkka

et al. (2015), Sutinen and Middleton (2021).

Table 2

OSL sample information from trench AMT-1903.
Sample Laboratory no. Trench Municipality Latitude (DD) Longitude (DD) Material Eq. Dose (Gy) Age (ka) Year
KJ-191 Hel-TL04350 AMT-1903 Sodankyla 67.5519 26.2993 sand 166 + 15 79 +13 2019

and Engels, 2010; Salonen et al., 2014). Our model is most accurate
within the timespan that is supported by sedimentary dating results
(Fig. 6) and is gradually less accurate with the growing uncertainty
linked to historical glacier thicknesses and extents.

The glacial shielding model (Fig. 6) suggests that the CRE-01 and
CRE-02 erratics were exposed prior to the Middle Weichselian (MIS-4)
glaciation and in the Middle Weichselian glaciation, respectively. The
26A1/19Be ratio of CRE-01 is smaller than the one of CRE-02 (Fig. 7). The
ratio discrepancy between the erratics suggests longer reburial for CRE-
01. This would mean that the time difference between the initial expo-
sure events of the sampled erratics is larger than what the apparent ages
lead to believe. However, the overlapping ratio error bars facilitate only
speculation. When projected on the glacial shielding model (Fig. 6) the
apparent age of CRE-02 suggests it was eroded in MIS-4 glaciation and
was first exposed at the following deglaciation. CRE-01 in turn may have
been eroded and first exposed some time in MIS-5, possibly containing a
reburial effect (Heyman et al., 2011) and a smaller 26A1/19Be ratio. The
near coevality of the boulder samples may indicate that they were
exposed in event-like erosion. The boulder TCN samples are not only
diagnostic to the transportation history boulders but should also apply to
their source. At Kaarestunturi the boulders relay that the mineralization
was close enough to the surface to be eroded and irradiated already
much prior to the latest glaciation. Constraining the timing of the min-
imum initial exposure event from the erratics is important for prove-
nance tracing because it places boundaries on the time window when the
host deposit first met the erosive plane. These boundaries can define the
time window when first crystalline geochemical indicators of the deposit
may have been released into the surface sediment and help in tracing

Table 3

their origin (Bouchard and Salonen, 1990). Bedrock samples on the
other hand provide mineral exploration with information of the local
erosion depth and age.

5.5. Reconstructing transportation paths for the mineralized erratics

The mobilized, mineralized glacial erratics form a 3-km-long SSE
dissipating fan. The volume of the erratics is higher in the NNW,
implying that it is proximal to the source of the Au mineralization. The
majority of quartz boulders at the site are deposited on top of the MIS-2
ablation till (TU-4) and the corresponding glacial event therefore likely
played arole in their displacement. The TCN results show that the dated
erratics (CRE-1 and -02) were initially exposed earlier, therefore their
transportation possibly started prior to the MIS-2 glaciation (Fig. 6). At
the same time, the in-situ bedrock samples CRE-03 and CRE-04 docu-
ment weak glacial erosion, suggesting that the glacial movement and
transportation has been weak at the area during recent glaciations.

Due to the strong stratigraphic association of the erratics with the
surface of the TU-4 unit, it is likely that the erratics melted out from a
relatively clean ice column. Debris poor ice could have been sourced
from the fell during deglaciation. The implied short transportation
would also be consistent with the large size of the erratics (Bouchard and
Salonen, 1990) and the shape and distribution of the fan (Boulton, 1978)
(Fig. 2). The apparent absence of quartz boulders in older till units
suggests that the quartz boulders may not have located in the valley
prior to the deglaciation, at least in large numbers. Considering this,
Fig. 8 shows the interpreted syn-LGM position of the proto erratics in
their positions that most likely preceded the MIS-2 deglaciation related

TCN sample analytical results and ages. Ages are presented with St scaling scheme (Stone, 2000) without erosion or snow shielding.

Sample Quartz used (g) 10Be (at g-1) Exposure age 10Be (ka) 26A] (at g-1) Exposure age 26A] (ka) 26A1/'%Be ratio
CRE-01 20.4191 2.00E+05 378 £1.2 1,293,287 359+1.3 6.48 + 0.31
CRE-02 20.0738 1.56E+05 29.5 + 1.0 1,096,365 30.3+1.1 7.01 +0.33
CRE-03 20.1436 2.99E+05 50.3 £ 1.6 1,973,220 489 £1.9 6.60 + 0.33
CRE-04 20.0979 4.63E+05 91.0 £ 2.4 2,926,864 85.3 +2.8 6.32 + 0.26
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Table 4
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Results recalculated with snow shielding and erosion rates. Ages are presented with St scaling scheme (Stone, 2000).

Sample  Snow compensated sample thickness Erosion rate mm ka- Nuclide, 10Be exposure age (int Nuclide, 26A1 exposure age (int
(cm) 1 mineral error) mineral error)
CRE-
01 7.98 0.5 Be-10, quartz 39.2 + 1.3 ka Al-26, quartz 37.2 £ 1.4ka
CRE-
02 7.98 0.5 Be-10, quartz 30.6 + 1.0 ka Al-26, quartz 314+ 1.2ka
CRE-
03 6.19 0.9 Be-10, quartz 53.0 = 1.8 ka Al-26, quartz 51.4 + 2.2 ka
CRE-
04 7.91 0.7 Be-10, quartz 98.0 + 2.8 ka Al-26, quartz 91.6 + 3.3 ka
displacement in all of the indicated events is not guaranteed. Because
Sy AL the events are conceptualized separately in the study, they can be traced
~~~~~~~~ Erosion pathways separately as well. This allosz emphasizing or (Ellsregard}ng particular
| 250 ka burial isochron transportation events according to new observations on site.
6
S [oketu 6. Applicability of TCN-dating in explorati
5 . Applicability o -dating in exploration
g _ 750 ka burial igochron
Q0 g §-->=-2mTelocuon_ . R . . .
= Indicator tracing in glacial domains generally uses the exponential
& |--Lmaburaljsochron _ sediment dispersal function described in Krumbein (1937) to trace
4 geochemical or erratic fans back to their source (Puranen, 1988; Nurmi,
1991). However, tracing campaigns that rely on the simple dispersal
3 model in a complex glacial setting can be erroneous as a result of
10°

"’Be Concentration (atoms g)

Fig. 7. An estimation of sample reburial with a 2°Al/!°Be ratio plot, edited
from Corbett et al. (2013) and Dehnert and Schliichter (2008). The plot illus-
trates sample reburial through the decay of corresponding 2°Al/*°Be ratios. Due
to the differing half-lives of 2°Al and '°Be their ratio declines if a sample is
reburied after an exposure event. The commonly cited ratio of 6.75 is present
for reference, but it plots most of CRE-02 outside the possible region. In the
absence of a local production rate ratio, the CRE-02's 26A1/1%Be = 7.01 (Table 3)
is used as the minimum production rate ratio and the constant exposure curve is
set to start at 7.06 which accommodates CRE-02 on the “constant exposure”
line. However, the sample predates the MIS-2 glaciation (Fig. 6) and its
26A1/1%Be ratio can therefore be expected to being slightly depleted.

displacement.

The modelled TCN ages plot the minimum initial surfacing of sam-
ples CRE-01 and CRE-02 to the Middle- (MIS-4) and Early Weichselian
(MIS-5b/5d) glaciations (Figs. 6, 7). In Fig. 9, a tentative pre-LGM
probability sector is defined using the regional ice flow directions
after the interpreted minimum initial exposure of the erratic samples.
The directions are sourced both from the results of this study (Fig. 5) and
from literature (Harkonen et al., 1981; Hirvas, 1991; Kleman et al.,
1997; Johansson, 1998; Salonen et al., 2014; Lunkka et al., 2015; f\berg
et al., 2020; Sutinen and Middleton, 2021). The similar Middle- and
Early Weichselian ice-flow directions are presented together (Aberg
et al., 2020).

The produced probability sector suggests that the deposit lays NWW
from the current location of the dated CRE-01 and CRE-02 erratics. The
right boundary of the NWW pointing sector is based on the indicated
Middle- and Early-Weichselian ice flow directions, adjusted with the
possibility of topographic steering of ice by the fell. The left boundary of
the sector is from the locally measured TU-3 till fabric that we interpret
to show ice flow during the late-Weichselian glaciation. The “inferred
priority area” further constrains the area, only using the recent late
Weichselian glacial events. The area assumes a singular source for the
erratics, near the apex of the erratic train. The area comprises the syn-
LGM position from Fig. 8 adjusted by the prominent late-Weichselian
ice-flow direction observed in the till unit TU-3.

Although the tracing results of this study can be viewed in their
entirety, from mineral exploration point of view it is more beneficial to
view them as chronological sequence of possible displacement events, as

incorrect till interpretation, a multi-staged transportation history, or
reworking of till material (Saksela, 1948; Salonen, 1986; Levson and
Giles, 1995). The use of TCN dating, especially when accompanied by
stratigraphic studies has the potential to reduce such uncertainties in
exploration. TCN dating characterizes erosion and its depth, producing
minimum ages for local erosion events (Fig. 6). The results can be used
to infer various things such as the expected number of stages of trans-
portation, the transport directions and distance, or the size of the source
area. The practical benefits of the method in the field are that (1) it is
suitable for most quartz-bearing rock types, (2) collecting the 0.5 to 1 kg
samples is fast and can be conducted in locations that are difficult to
access or remote, (3) the method can produce valuable results even with
a small number of samples, and 4) the method has a very low environ-
mental impact and a survey can be conducted with light exploration
permits (Gosse and Phillips, 2001). In contrast, however, the measure-
ment cost and up to one year sample processing times limit the wide-
spread use of the method.

When working with erratics, this method can identify whether a
multi-stage transportation history is possible based on the measured
TCN inventory. Although multi-stage transportation is well known
(Parent et al., 1996), it can most often only be recognized in hindsight
after analyzing the quantities of geochemical assays. If the apparent ages
based on TCN inventories significantly predate deglaciation or show
strong decay in the 2°Al/1%Be ratios, the erratics or their source area has
experienced prior exposure. Prior exposure means that the erratic or its
source area has been on the surface or in near-surface conditions prior to
the latest glaciation. In glaciated regions, this would suggest multiple
stages of transportation are possible.

In the case of geochemical or heavy mineral anomalies, the local
glacial transportation distances can be characterized from the TCN in-
ventories of local bedrock sites. The results apply similarly to erratic
anomalies. Large inheritance in TCN inventories is indicative of weak
glacial erosion and short transportation. Weak erosion is also likely to
preserve pre-existing sediments (Ebert et al., 2015), which in its turn is
an environment where till recycling is more prominent (Finck and Stea,
1995). This is important because till recycling can imprint historical
transportation directions on a boulder train and its geochemical anom-
aly (Salonen, 1986; Parent et al., 1996). Preservation of sediment strata
also puts a strong emphasis on which superimposed till unit the till
survey intercepts (Lunkka et al., 2013). In the case of sub surface sam-
pling (e.g. base of till), it is possible to intercept e.g. interbedded or basal
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Fig. 8. Interpreted syn-last glacial maximum (LGM) positions of the proto quartz erratics. The indicated syn-LGM location assumes that the CRE-01 and CRE-02
erratics are a part of the dispersal fan. The transportation directions are based on literature (see Fig. 6), for erratic volume legend see Fig. 2. LIDAR DEM: ©
modified and reproduced after the National Land Survey of Finland, accessed on 1 December 2022.
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Fig. 9. A Tentative probability sector and inferred priority area for the erratic source. The sector is interpreted by applying transportation directions from Fig. 6 on
the CRE-01 and -02 erratics. The glacial events are picked according to the modelled exposure and reburial histories of the erratics (Figs. 7, 6). The transportation
directions are based on literature () (Hirvas, 1991; f\berg et al., 2020) and local studies @ (Fig. 5). The inferred priority area is based on indicated weak erosion and
prolonged exposure of the dated erratics (Fig. 5, Table 4). For erratic volume legend see Fig. 2. LIDAR DEM: © modified and reproduced after the National Land
Survey of Finland, accessed on 1 December 2022.

gravels (Hirvas, 1991). These sediments can be anomalous for placer used to identify event surfaces (Phillips et al., 2006), which form after
gold, giving out a false positive result for the till survey. pervasive erosion events remove most of the TCN inventory of an
In areas with greater erosion magnitudes, TCN inventories can be outcrop (Fig. 3). In the glacial erosion context event surfaces can record
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the most recent highly erosive glacial event in the area. TCN inventories
that are either modelled (Fig. 6) or directly analyzed from these surfaces
record the timing of the deglaciation that followed the highly erosive
glacial event. Because highly erosive glacial events also typically erode
pre-existing sediments, event surfaces can provide indirect information
about the age and complexity of regional stratigraphy. The consistent
presence of young event surfaces in an exploration region can bolster
confidence in geochemical surveys, while also suggesting that the most
prominent glacial displacement direction that affected the geochemical
tracers has been the most recent one. In contrast, the lack of young event
surface in a region, would suggest that care should be taken in all
geochemical assay interpretations in the manner that this paper
describes.

7. Conclusions

At Kaarestunturi the TCN inventories show prolonged exposure to
cosmogenic radiation that is consistent with multi-staged trans-
portation, repeated exposure in the source area, or both. Together the
TCN results and stratigraphic investigations contain an exposure and
erosion history over 100 ka, the preservation of which is a sign of weak
glacial erosion at the study area during this time interval. Low erosion
rates below cold-based ice imply short distances of transport for till
material and boulders, suggesting the source area is proximal to the
erratics. The combined TCN results and stratigraphic studies suggest a
SSW-N bounded probability sector for the host deposit.

TCN dating can contribute to exploration campaigns by reducing the
uncertainty involved in till-based sampling and by enabling pre-emptive
measures in selecting the optimal exploration methods, for example. The
benefits of TCN inventory measurements using 2°Al and '°Be are:

- The survey can characterize and date erosion events and depth of
erosion. Strong glacial erosion will remove pre-existing sediments
and palimpsests, simplifying the interpretation of geochemical
samples. In contrast, evidence of weak glacial erosion can indicate
the geochemical data interpretation may be more complex.

By discovering direct or modelled event surfaces from TCN in-
ventories, exploration can identify most relevant local transportation
directions or implied palimpsests of historical directions.

In some cases, transportation distances can be inferred from the
strength of erosion. Cold-based weakly erosive glacial settings imply
short transportation.

From TCN inventories of erratics, it is possible to evaluate possibility
of multi-phase transportation and possible periods of burial.

The TCN method is a geomorphological dating tool and provides
basic research value for exploration campaigns.

Including TCN inventory measurements can ultimately help in
reducing uncertainty when identifying possible source areas for
geochemical tracers. It is particularly helpful in weakly erosive regions
where these uncertainties are largest.
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