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Abstract

This study aims to test the reliability of the Schmidt hammer for measuring glacial
recession at the Schlatenkees in the Austrian Alps. Most Schmidt hammer studies use
relative dating on landforms, however in this study, sites can be absolutely dated through
historical and aerialimagery. As there is little literature on the application of the Schmidt
hammer on recently deglaciated gneissic terrain, this study helps to fill in this literature
gap by testing the Schmidt hammer’s reliability on twenty-six sites across the

Schlatenkees foreland.

Geomorphological mapping was undertaken and identified several features that related
to glacial retreat in the Schlatenkees foreland. The results from the Schmidt hammer
were variable, none of the four transects showed a statistically significant relationship
between r-value and distance from the ice. Although, the r-value closest to the ice was
higher than the site furthest away on all transects. This highlighted that there was some
general reliability in the Schmidt hammer, despite the variation along the transects. A
statistically significant relationship was observed between the transect r-value and
elevation which showed its reliability as aerial imagery documented its retreat from
higher to lower elevation. The Schmidt hammer did prove unreliable in some cases
however, one site highlighted the effect of lithology on the Schmidt hammer and
suggested that lichen may also have an influence on the r-value. Highlighting that gneiss
may not be suitable for Schmidt hammer application and the affect lichen cover has on

rock surfaces requires further work.
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Chapter 1.

Introduction

This chapter introduces this study by setting some context behind the rationale and
equipment used. It also sets out the aim and objectives and introduces the study site.

The final section details the structure of the rest of the study.

1.1 - Background

Glaciers have seen significant melting since the turn of the century, with many
predictions stating that if greenhouse gas emissions are not drastically reduced, many
regions will suffer unprecedented mass loss by the year 2100 (Zekollarim et al., 2019;
Han et al., 2023). It has been predicted that mass loss for glaciers in Alaska (Wahr et al.,
2016) and Svalbard (Geyman et al., 2022) alone will double by 2100, contributing to sea
level rise (Zemp et al., 2019), affecting low lying regions globally and leading to doubts
over water security (Han et al., 2023). This highlights the critical role glaciers play in
numerous regions across the globe and why understanding their retreat is important for

modelling climate change accurately to inform regions that are the most vulnerable.

One specific region that has been affected by glacier retreat is the Austrian Alps and this
has been quantified in numerous studies through the four Austrian Glacial Inventories
(GI’'s). These are crucial in quantifying mass loss (Fischer et al., 2015a) for separate
regions such as the Glockner group or the Venediger group (Figure 1.1) and individual
glaciers. The GI’s have been used on the Schlatenkees in the Venediger group to show

retreat from the LIA to 2015 (Figure 1.2), however, the Schlatenkees retreat is also well



documented through historical imagery from the 1920s-30s and aerial imagery from
1953-2022. This means that the Schlatenkees lends itself to be a suitable location to test

other methods of mearing glacial recession.
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Figure 1. 1: LIA maximum of the glaciers within the Venediger group.
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Figure 1. 2: The reduction in size of the Schlatenkees from the LIA to 2015 based of the glacial
inventories.
The Schmidt hammer is a lightweight piece of equipment that was first used in
geomorphology by Matthews and Shakesby (1984) and is a cheaper alternative to
absolute dating. The basic principle of the Schmidt hammer is that lower r-values
indicate older rock surfaces (Tomkins et al., 2016) which can be used to distinguish
surfaces that have been deglaciated from different time periods. This principle has been
successfully observed in differentiating LIA surfaces from Holocene surfaces by
Shakesby et al. (2006), however, one clear limitation is that sampling different lithologies
will cause inaccuracies within the dataset (Matthews et al., 2024). Some other rock
characteristics to be avoided are rough surfaces and lichen/moss cover (Winkler, 2005;
Shakesby et al., 2006; Rode and Kellerer-Pirklbauer, 2011). This study aims to test the

Schmidt hammer in an area where the chronology of glacier retreat is well documented,
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providing the opportunity to test its reliability and efficiency in measuring glacial

recession.

1.2 -Aims and Objectives

The aim of this study is to test the reliably of the Schmidt hammer to measure glacial
recession at the Schlatenkees in the Austrian Alps. This will be supported by three

research objectives that are to help achieve the aim and they are as follows:

1. Create a geomorphological map to locate features related to previous glacier
terminus positions and features relating to glacier retreat.

2. To collect Schmidt hammer rebound values across the Schlatenkees foreland to
be used in identifying old glacier positions.

3. To identify a relationship between the rebound values collected and the distance

from the glacier.



1.3 - Study Area

The study focuses on the foreland of the Schlatenkees which is in the Venediger group
(Figure 1.3), in the Osttirol province of Austria and is situated the Hohe Tauren National
Park. This valley glacier descends from the peak of the GroBvenediger, Austria’s fourth
highest peak at 3666m, and currently terminates in a proglacial at ~2300m. There is also
a debris covered section which sits below the north-east face of the Kristallwand (Figure
1.3). The foreland of the Schlatenkees consists of a large area of exposed bedrock that
slopes downwards from north to south with the lowest point situated where the
meltwater stream is located. During the LIA, the Schlatenkees reached the bottom of the
valley at 1700m (Figure 1.4). The lithology of the site predominately gneiss, a
metamorphic rock, and more specifically migmatitic gneiss and paragneiss (Geological

Survey of Austria, 1987).
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Figure 1. 3: Overview of the Schlatenkees and the study area.



Figure 1. 4: Historical watercolour painting of the Schlatenkees from Innergschloss in
1840 showing the glacier reaching the valley floor. Painting from Gletscher:
Klimazeugen von der Eiszeit bis zur Gegenwart (Patzelt, 2019).

1.4 — Dissertation Overview

This study is divided up into six chapters, with chapter one being the introduction. The
second chapter consists of a literature review of glacial recession, and Schmidt hammer
application in similar landscapes. In chapter 3 the methodology is detailed, for both the
geomorphological mapping and the Schmidt hammer data collection and analysis. In the
fourth chapter the results are presented for the geomorphological map and the Schmidt
hammer, followed by the discussion (chapter five) where features from the
geomorphological map are discussed and the Schmidt hammer data is interpreted, and
its reliability is discussed. The sixth and final chapter is the conclusion where the aims

and objectives are addressed.




Chapter 2.

Literature Review

In this this chapter the key literature is discussed regarding glacial recession from the
global context down to the study area in the Austrian Alps, and how past glacial recession
in Austria has been measured. The second section covers the Schmidt hammer and how

past studies have applied it and discusses a gap in the literature.

2.1 - Glacialrecession

Since the turn of the century there has been unprecedented glacial retreat in all the
worlds glaciated regions (Zemp et al, 2015). With large scale regional mass balance
change predicted to occur, even if temperatures were to stay below +2°C relative to
preindustrial levels by 2100 (Rounce et al., 2023) (Figure 2.1), the retreat of ice sheets
and glaciers will have an adverse effect on local and global eco systems and human
populations globally. For example, the Antarctic ice sheet is crucial for the planet’s
albedo and ocean circulation (Fricker et al., 2025), and Himalayan Mountain glaciers are
a crucialfreshwater supply for drinking water but also agriculture (Kehrwald et al., 2008).
This could potentially lead to glacially fed rivers becoming the centre of political disputes

as in the future there are significant doubts over water security (Haines, 2017).
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Figure 2. 1: Predicted regional mass balance change and sea level contribution for
each of the worlds glaciated regions from 2015-2100. The discs show the projections
of glacier mass for each region and globally in 2100 relative to 2015. Source Rounce et
al. (2023)

Both ice sheets and glaciers account for sea level rise (Zemp et al., 2025), and it is
thought that if temperature thresholds are broken, Antarctica may cause sea levels to
rise 28cm by 2100 (Fricker et al., 2025). Recent studies have observed the effect of
glaciers (excluding icesheets) on sea level rise, Zemp et al. (2025) found that global sea
levelsrose 18 + 1 mm from 2000-2023 or 0.74 = 0.04 mm annually. Hugonnet et al. (2021)
and Rounce et al. (2023) found similar results at 0.74 + 0.04 mm annually between 2000-

2019. With future predictions showing high mass losses to continue under various

emissions scenarios (Rounce et al., 2023) (Figure 2.1) gaining a better understanding of



glacier recession is vital for the creation of accurate climate change models

(Wytiahlowsky et al., 2024) (e.g. sea level rise prediction).

The European alps are sensitive to climate change (Koboltschnig and Schéner, 2011) and
have retreated significantly since the LIA (Zemp 2006; Reinthaler and Paul, 2024;
Palacios at al., 2024). Glaciers in the alps lost an overall 35% in area between 1850 and
the 1970s, which increased to a reduction of 50% by 2000 (Zemp, 2006; Zemp et al.,
2008). A study by Sommer et al. (2020) found that all regions in the alps have lost mass
and area in the 21 century, highlighting that ranges at lower altitudes within the alps
could be ice free by the end of the century. Palacios at al., (2024) state that the rising
average temperatures have been the primary catalyst for their retreat, especially in the
21%* century with average summer air temperatures having increased 1.3°C from 1986-
2015 (Luterbacher et al., 2016; Wytiahlowsky et al., 2024). Rounce et al. (2023) and
Zekollari et al. (2019) further support this and state that if temperatures keep rising,
under a high emissions scenario of +3°C or higher, more than 80% of the glaciers in the
alps will be gone by 2100 (Figure 2.1). This intense retreat and mass loss observed in the
European alps highlights the need for strict global temperature thresholds to protect the
freshwater supply these glaciers bring to Alpine communities (Lambrecht and Kuhn,

2007).

Austria has seen dramatic glacier loss since the turn of the century along with the other
countries in the Alps. The alps in Austria are lower when compared to Switzerland or
France, with no peaks reaching above 4000m in altitude which leaves the glaciers in
Austria, especially valley glaciers (Stocker-Waldhuber et al., 2017), at greaterrisk to the

rising summer temperatures (Luterbacher et al., 2016). The glaciers in Austria are small
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to medium sized and in the 1970s it had an estimated 925 glaciers with none being larger
than 20km? (Zemp et al., 2008). The most recent recorded advance of Austrias glaciers
was inthe 1970s/early 80s (Figure 2.2) (Lambrecht and Kuhn, 2007; Fischer et al., 2015a),
due to a period of positive mass balance, however, since 1982 the trend revered more
towards negative mass balance (Schoner et al., 2000). Work by Fischer et al., (2015a)
used the various Austrian GI’s to calculate overall area loss since the LIA and found that

from the LIA to 2006 (GI3) there was a 44% reduction in glacier area.
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Figure 2. 2: Graphs showing the period of advance in the 1970s/early 80s of Austrian
glaciers, followed by a strong downward trend in length. Graph A shows the mean change in
length of all glaciers, and graph B shows the status of the measured glaciers. The period of
advance is highlighted in green. Source: Alpenverein (2023a)

Austria has four GI’s (Table 2.1), and they play a key role in quantifying overall mass loss,
retreat over time and modelling future extent (Alps et al., 2009). The first one (GI1) was
originally an analogue data set (Patzelt, 1980; GroB, 1987) and was later digitised by
Lambrecht and Kuhn (2007). For GI3 (Fischer et al., 2015b), Fischer et al. (2015a) used
orthophotos and lidar digital elevation models (DEMs) from 2004-2012 (Figure 2.3) to

update the inventory and the latest Gl was undertaken in 2015 (Gl4), for Buckeletal. 2018
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using Google Earth. These glacialinventories have been used in studies to track area loss
(Fischer et al., 2015a), total ice volume (Lambrecht and Kuhn, 2007) and increases in
proglacial lake formation from the LIA-2015 (Buckel et al., 2018).

Table 2. 1: Table showing the Austrian GI’s, their reference year and

their authors. 1For shapefile download see Fischer et al. 2015b, all
other GI’s can be downloaded from author listed.

Name Reference Year Author
Gl1? 1969 Patzelt, 1980
GI2* 1998 Lambrecht and Kuhn, 2007
GI3 2006 Fischer et al. 2015b
Gl4 2015 Buckel and Otto, 2018
GILIA ~1850 GrofB and Patzelt 2015

12



data basis  mountain ranges

0 L-200s [ w-Angaver2006 [ te-techtai200s [ Si- Sivretta 2006
L-2008 [0 An-Ankoger2009 [ Ot - Otztal 2006 I sc - sonnbiick 2009
L-2007 | ] Da-Dacnstein 2012 [ Ra - Ratikon 2006 [ St - Stubai 2008
L-2008 | | De-Defregger 2009 [ Ri- Riesectemer 2000 [ Ve - Venediger 2007
L-2011 [ 6t-Glockner 2008 [l s2 - ssmosun2006 [ Ve - Veneciger 2009

P o-2007 [ Gr- Granatspitz 2009 [ Sc - Schober2007 [ ] v - Vierwal 2008

B o-2009 [ Ho - Hosnkonig 2007 [l Sc- Schover200s [ 21 - Zivenal 2007

P o-2012 [ Ka- kamische 2009 [l 5i- sivvera2004 [ 2 - Zivertal 2011

Figure 2. 3: Shows the data type used for compiling GI3 (‘L’ for lidar DEMs and ‘O’ for
orthophoto) and the individual mountain ranges with the year they were measured.
Source: Fischer at al. (2015a)

For the last 134 years the Alpineverein have observed ~90 glaciers each year. Their latest
report from the year 2023/24 showed an average loss of 24.1m in length (Alpenverein,
2025) which was the 3™ highest observed in the 134 years of this annual measurement
(Alpen Verein, 2025). This was also the second consecutive year where a glacier has lost
over 200m and reported that the 2023/2024 year was 1.9°C too warm and very dry. The

Schlatenkees recorded the highest loss in length for two consecutive years from

2020/2021 to 2021/2022 with a 54.5m loss and an 89.5m loss (Table 2.2). Glacier retreat
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at the Schlatenkees has little literature surrounding it, although it was measured to be
9.321km? using GI2 (Fischer and Kuhn, 2013). However, retreat for the Venediger group
(where the Schlatenkees is located) has been quantified through to the Austrian glacial
inventories with Fischer at al. (2015a) observing a 20.9% decrease in area between GI2
and GI3 and Buckel at al. (2018) reporting a high density of proglacial lakes formed from
the LIA to 2015. Developing a better understanding of glacial retreat at the Schlatenkees
is needed to understand future landscape changes and changes to the water supply for

downstream communities.

Table 2. 2: Previous annual losses during the Alpenverein’s annual
measurements for the Schlatenkees. Source: Alpenverein (2016; 2018; 2020;
2021;2022; 2023b; 2024, 2025)

Glacier Budget Year Loss (m)

2023/2024 Not measured
2022/2023 -92m
2021/2022 -89.5
2020/2021 -54.5m
2019/2020 -50m
2018/2019 -23m
2016/2017 -70m
2014/2015 -60.3m

2.2 —-The Schmidt hammer

The Schmidt hammer is a piece of equipment that was originally designed to conduct in
situ concrete hardness tests (Goudie, 2006). It was pioneered in geomorphology by
Matthews and Shakesby (1984) and is used in the relative dating of landforms and
calculating rock weathering rates (Goudie, 2006; Matthews and Winkler, 2022). It is a
cheap, lightweight piece of equipment that can give in situ readings of rock hardness in

the field with digital ones having the ability to calculate the mean r-value and standard
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deviation instantly. The most common type of Schmidt hammer used by
geomorphologists in the ‘N’ type Schmidt Hammer (Goudie, 2006), and it has been
successfully applied to various landforms in glacial environments, such as rock glaciers
(Rode and Kellerer-Pirklbauer, 2011), moraines (Rune Aa and Sjastad, 2000; Winkler,
2005; Kellerer-Pirklbauer, 2008), and bedrock (Shakesby et al., 2006; Matthews et al.,

2024; Santos-Gonzalez et al., 2024).

The Schmidt hammer records an r-value (Tomkins et al., 2016) which is proportional to
the compressive strength of the rock surface (Rode and Kellerer-Pirklbauer, 2011). This r-
value is calculated by the distance the spring-loaded bolt travels after being rebounded
off the surface (Goudie 2006; Tomkins et al., 2016), therefore, the r-values taken from
rock surfaces can be used to determine weathering rates such as Matthews et al. (2024)
or to apply Schmidt hammer exposure dating (SHED) to rock surfaces (Tomkins et al.,
2016). The principle of the Schmidt hammer is that higher r-values indicate higher rock
hardness (Aydin and Basu, 2005), and therefore less weathering and a younger rock
surface (Tomkins et al., 2016). While older, more weathered surfaces record lower r-

values (Tomkins et al., 2016).

There is a gap in the literature regarding the application of the Schmidt hammer to more
recently deglaciated landscapes, especially gneissic landscapes, that can be dated
using aerial imagery. Most of the studies focus on surfaces dating to the LIA (Matthews
and Shakesby, 1984) or Holocene (Shakesby et al., 2006), and even to the Late
Pleistocene as shown by Ktapyta (2013). At the Schlatenkees, orthophotos have been

taken of the site every decade since 1953 (Tyrolean State Government - Geoinformation
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Department, 2025). There are historical photos from the 1920s and 30s of the glacier

(Osterreichische Nationalbibliothek, 2025) and also a painting from the LIA (Figure 1.4).

The Schmidt hammer has been successfully paired with other dating methods to gather
a more accurate understanding of surface dates. Winkler (2009) first attempted to use
terrestrial cosmogenic nuclide dating (absolute dating) and the Schmidt hammer
together (relative age dating). This study concluded that using the two methods was
successful with the Schmidt hammer showing that it was valuable in cross checking
boulders that were absolutely dated in the glacier foreland. Lichenometry has also been
paired with the Schmidt hammer in Norway (Rune Aa and Sjastad, 2000; Matthews and
Shakesby, 1984) and Iceland (Evans et al., 1999). In Iceland, Evans et al., (1999) found a
reasonable correlation between r-value and lichen size at two glacier forelands. Rune Aa
and Sjastad (2000) found that both the r-values and lichen sizes indicated that the
outermost moraine at Bgyabreen dates to the Early Holocene. This supports the

historical evidence that they were not from the LIA and were older.

The Schmidt hammer has a variety of factors which have been known to affect r-values
and this is well documented in the literature. These are joints, cracks, sharp edges and
lichen/moss (Winkler, 2005; Shakesby et al., 2006; Matthews and Winkler, 2022;
Matthews et al., 2024), irregular surface micro-topography and surface moisture (Rode
and Kellerer-Pirklbauer, 2011; Matthews and Winkler, 2022). Internal rock moisture can
also have an effect (Sumner and Nel, 2002); however, gneiss, the local lithology, has a
low permeability (Duca et al., 2015; Liu et al., 2016). Another key factor to maintain
Schmidt hammer accuracy when sampling is to keep the lithology homogenous across

the sites and thisis due to the significant differences in strength across varying lithologies
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(Matthews et al., 2024). However, some lithologies such as gneiss can form with a variety
of mineral compositions, leading to a variety of results across the same lithology

(Tomkins et al., 2016).

Many studies have been undertaken on gneiss using the Schmidt hammer across the
world. Pye at al. (1986) in Kenya recoded average r-values between 49.4-53.5, Brooks et
al. (2004) in Northwest Scotland recorded a mean of 45.7 and Birdeau at al. (2004)
recoded 24-42 in the Yukon, Canada, although only the study by Brooks et al. (2004) was
conducted on a glaciated landscape. The suitability of gneiss for Schmidt hammer
application was questioned by Tomkins et al. (2016) as they said that due to its coarse-
grained texture (Fueten et al., 2003) and highly variable mineral content it can cause
inaccurate r-values. Although, in Norway the Schmidt hammer has successful
applicationto glacial gneissic landscapes, most notably Matthews et al. (2024) (bedrock)
and Shakesby et al. (2006) (boulders and bedrock). Matthews et al. (2024) found that the
Schmidt hammerwas consistentin recording higher r-values in sites deglaciated for <300
years and lower values on sites deglaciated for ~10,000 years. The study by Shakesby et
al. (2006) reported similar results as they found the Schmidt hammer was successfulin

differentiating surface ages (Figure 2.4).
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Figure 2. 4: Graph from Shakesby et al. (2006) showing the decrease in r-value from the LIA
surfaces to the Younger Dryas surfaces.

A study by Matthews and Owen (2008), conducted on boulders and bedrock in a foreland
in Norway focused on the effects of lichen biologically weathering surfaces leading to
inaccurate r-values. This study highlighted a significant difference between lichen free
surfaces and lichen colonised surfaces, showing that during the first 30-40 years of
lichen colonisation, r-values on recently exposed bedrock (88 years), systemically
declined from 61+0.3 to <40. They further discuss that the lichen affected surfaces have

characteristics that would typically be seen on the lichen free surfaces after ~10,000
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years and that the intense biological weathering increased weathering rates on lichen

affected surfaces by 200-300 times.

An important study by Niedzielski et al. (2009) aimed to find the minimum sample size
required for Schmidt hammer measurements on 14 different lithologies, which was done
across a total of 600 sites in Poland, and relevant to this study, they recommend 38
samples for gneiss when taking the mean of the r-values at a site. Niedzielski et al. (2009)
also reported numerous sampling schemes for the Schmidt hammer from other studies.
For example, Matthews et al. (1986) and Winkler (2005) applied one hit on 50 different
boulders, Katz et al. (2000) used the average of the upper 50% out of the 32-40 impacts
and Sumner and Nel (2002) took 15 readings at different points of the rock and removed

the 5 worst outliers. They then obtained the mean form from the 10 remaining values.

There have been various studies which have applied the Schmidt hammer to glacial
landscapesin Austria for dating glacial landforms (Rode et al., 2009), and on rock glaciers
(Kellerer-Pirklbauer, 2008; Rode and Kellerer-Pirklbauer, 2011). A moderate correlation
between the r-values increasing as the landforms decreased in age was observed by
Czempinski and Dabski (2017) on the foreland of the Kaunertaler Gletscher, in the Otztal
Alps. This shows that the Schmidt hammer has been used with some success on glacial
forelands in Austria, although in the Venediger group or at the Schlatenkees specifically
there has not been a documented application of the Schmidt hammer on glacial

forelands.
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Chapter 3.

Methodology

The first two sections of this chapter cover the methodology undertaken for the
geomorphological map and Schmidt hammer data collection processes. The
programmes/equipment used and the rationale behind the Schmidt hammer sampling
are set out in these sections. The final section covers how the data analysis for the
Schmidt hammer was completed such as the graphs were used and the statistical

analysis conducted on the data.

3.1 - Geomorphological Map

The use of geomorphologic maps is becoming increasingly common to present the
spread of various landforms within a specified area. They are key in communicating the
history of the landscape to the reader (Gustavsson et al., 2006) which is becoming more
important as receding glaciers are exposing landscapes that can help understand past
glacier dynamics. In recent years with the rise of GIS applications and freely available
satellite imagery, geomorphological mapping has seen a shift to these platforms
(Chander et al., 2018). However, fieldwork remains integral to the foundation of

geomorphological mapping (Gustavsson et al., 2006).

For this study geomorphological mapping of the site was undertaken using various forms
of satellite imagery, including Orthophotos at a 20cm resolution (Tyrolean State

Government - Geoinformation Department, 2025), and were available on ArcGIS Pro as
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the basemap for the area so the mapping was carried out using them. Google, Bing and
open street maps were also used to assist the mapping process and, in the field, ground
truthing was applied to features identified on satellite imagery. The terrain basemap in
ArcGIS Pro was used for checking moraines as it was a DEM which allowed moraines to
be distinguished easier from the flat satellite imagery. Using a mix of various satellite
imagery and field observations, the advantages of all methods could be used to create a
more accurate map (Boston, 2012). Photos were taken of identified features, including
GPS points which helped in verifying the location of features (Boston, 2012). For one
moraine in particular, the length of the moraine was walked over two different days. GPS
points were taken at curves of the moraine and a field sketch was made to understand
its shape (Figure 3.1). This was later transferred to the GIS via a GPXfile to help locate the

feature for mapping.
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Figure 3. 1: Field sketch taken while walking a moraine in the site. Features
such as where the path was and where a smaller group of moraines were
noted down as well. Source: Author.

The mapping was all undertaken on ArcGIS Pro with separate shapefiles created for each
feature using the ‘Lambert Conformal Conic’ coordinate system and the framework laid
out by Chandler et al (2018) was followed. The scale used was 1:10,000 as it allowed for
detail to be shown but also covered the whole valley to give further geographical context.
Depending on the feature being mapped, a specific geometry for the shapefile was
chosen, for example, mapping the ridges of moraines with lines or polygons for features

which covered greater areas such as scree or the glacier (Table 3.1). Meltwater streams

utilised both to aid in displaying the larger meltwater stream at the 1:10,000 scale used.
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Using individual shapefiles for each feature enhanced the ability to calculate the
size/length and quantity of each feature and this could aid in transferring the data to a
larger dataset in the future (Chander et al., 2018). The feature types used in Table 3.1
were based off Lardeux et al.,, (2015) as they had similar features within their

geomorphologic map.

Table 3. 1: Table showing the features mapped within the foreland of the Schlatenkees
along with its feature type classification and the geometry typed used to map the

feature.

Feature Type Feature Shapefile geometry
Geomorphological Scoured bedrock Polygon
Geomorphological Moraine Line
Geomorphological Gully Line
Geomorphological Scree Polygon
Geomorphological Outwash plain Polygon
Geomorphological Braided river Polygon

Hydrological Meltwater stream Line/Polygon

Hydrological Meltwater pond Polygon

Hydrological Proglacial lake Polygon

Hydrological Seasonal snow-melt stream Line

Hydrological Stream Line

Hydrological Pond Polygon

Glaciological Glacier Polygon

Glaciological Debris covered glacier Polygon

Vegetation Trees Polygon
Vegetation Shrubs Polygon

Careful consideration was put into the presentation of the map, as the presentation
plays a key role in the communication of the features mapped and the ability to conduct
analysis. The use of symbology and colours can help the readability of the map
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(Gustavsson, et al., 2006) and help show the direction of ice advance/retreat (Clark et
al., 2017). In this study the angle of the hatching for the scoured bedrock is used to
indicate the general ice retreat direction, identified through analysis of old satellite

imagery and striations in the field.

3.2- Schmidt Hammer

Various types of the Schmidt-hammer exist, butin this study an N-type Schmidt-hammer
was used, specifically, the digital ‘Rockschmidt’, manufactured by ‘Proceq’ (Figure 3.2).
The Schmidt hammer is seen as a non-destructive method (Matthews and Winkler, 2022)

which meant access was granted to use it within the national park.

Figure 3. 2: Image showing the digital N-type Schmidt hammer used in this
study, specifically, the ‘Rockschmidt’ manufactured by Proceq in
Switzerland. Source: Author.
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Most studies use it to apply relative dating to landforms, also known as, Schmidt-
hammer Exposure Dating (SHED) (Winkler, 2005; Rode and Kellerer-Pirklbauer, 2011;
Tomkins etal., 2016). However, in this study, it was possible to undertake absolute dating
due to the available historical photos/aerial imagery. The historical imagery used was
from the 1920-30s (Osterreichische Nationalbibliothek, 2025), however some photos did
not have dates, making it more challenging to date them accurately. Orthophotos and
satellite imagery dating back to 1953 from the state of Tirol through their open access
data portal (Tyrolean State Government - Geoinformation Department, 2025) were also
used, providing detail with images every decade to identify the sites and their exposure

dates.

Various factors had to be considered to obtain accurate r-values at each site. Sampling
surfaces of the same lithology was important as varying lithologies can have significant
effects on results (Shakesby et al., 2006; Rode and Kellerer-Pirklbauer, 2011) due to
different weathering rates (Matthews and Winkler, 2022). Other important factors were,
surface micro-topography (Goudie, 2006), lichen, joints, cracks, edges and surface
moisture (Winkler, 2005; Rode and Kellerer-Pirklbauer, 2011. The angle at which the
Schmidt-hammer is applied to the surface affects the readings (Aydin and Basu, 2005;

Winkler, 2005), therefore it was hit at a perpendicular angle to the surface (Figure 3.3).
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Figure 3. 3: Image showing the author applying the Schmidt hammer to a section of
bedrock at a perpendicular angle. Source: Author.

The location of the transects were determined during a desktop study of the site by
looking at old orthophotos and satellite images of the study area and identifying the
direction of retreat of the Schlatenkees. Locations for the sites were placed along the
transect, where it was thought the bedrock would be smooth and accessible. Some sites
closer to the glacier were placed on known margins taken from the Austrian GI’s (Fischer
etal., 2015b; Buckel and Otto 2018) to allow for comparisons between sites on different

glacier margins.

A handheld GPS system had the site coordinates loaded before visiting the area which
was used to reach each site. Before sampling had taken place, notes were taken about

the site’s characteristics (Figure 3.4) and five of the smoothest sections of bedrock were
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identified. Ten r-values were taken at each of the five bedrock sections. During sampling
a field assistant wrote down each r-value in a notebook. The ability of the digital Schmidt
hammer to instantly calculate the r-value (Figure 3.5) allowed anomalies between the
sites to identified within the field. The r-value was written down and photographed to
provide multiple backups of the data. Photos of each section of sampled bedrock were

taken along with any other site characteristics such as vegetation or striations.

Figure 3. 4: Example of notes taken for site 3 on transect 3. Source:
Author
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Figure 3. 5: Image showing the average r-value calculated in the field after data
collection at the site was complete. Average r-value is displayed in the top left of the
screen of the Schmidt hammer. Source: Author.

Three transects with 5 sites and one transect with 3 sites were sampled at the
Schlatenkees, including eight additional sites (Figure 3.6) during the fieldtrip in
September 2024. Transect 1 (with 3 sites) was added in the field along with numerous
additional sites to fill in gaps where it was thought more data was needed. In total 22 out
ofthe 26 sites consisted of bedrock, and the other four consisted of clasts. The minimum
sample size for gneiss when taking the mean r-value at a site is 38 (Niedzielski et al.,
2009), and with numerous studies using 50 R-values as their sample size (Winkler, 2005;

Shakesby et al., 2006; Stahl et al., 2013), it was deemed sufficient to take 50 r-values at
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each site. At the bedrock sites, Schmidt-hammer impacts were spread across the five
selected bedrock surfaces to help avoid any factors which could have affected R-values,
atechnique used by Matthews and Owen, (2010) and Matthews et al. (2024). Sites where
clasts were present saw 50 individual clasts impacted once, a method used on Holocene
moraines by Winkler (2005). Clasts which had most of their surface covered were
avoided to reduce inaccuracies caused by the soil dampening the impact of the Schmidt

hammer on the surface (Stahl et al., 2013).
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Figure 3. 6: Aerial image showing an overview of the sample sites on transects and the
additional sites in the Schlatenkees foreland.




3.3- Data Analysis — Schmidt hammer

Data was transferred from the Schmidt hammer to the into the ‘RockSchmidt’
programme (Appendix A) and then exported as a text file into an Excel spread sheet,
where the data was tidied up and the outliers were removed (Appendix B). These outliers
were known to have been erroneous on behalf of the equipment operator, and far above
or below the averages for the sites. The outliers on the boxplot diagrams are known to not
be erroneous. The highest number of outliers removed from one site was 3, keeping
within a 10% threshold, however, the removal of outliers did affect the r-value of some
sites. The standard deviation (SD) for each site was also noted down as this was
calculated by the Schmidt-hammer. Multiple CSV sheets were created to be imported

into R-studio for further analysis.

Analysis in R-studio involved creating scatter graphs of each site and plotting the R-value
against distance from the glacier and adding the SD to graphs as error bars (for code see
Appendix C). For measuring the distance, all sites were measured to the same point of
the proglacial lake on the GIS. A graph showing all four transects together was also
created to help in comparing the transects between one another. Boxplot diagrams were
created to analyse the spread of r-values for each site. Additionally, the average r-value
on each transect was calculated and plotted against the average elevation of each
transect. Correlation tests between the r-value and the distance from the ice were
undertaken for each transect (for code see Appendix C), as well as a correlation test for
the average transect r-value against the average transect elevation. A p-value threshold
of <0.05 was used to determine the significance of the correlation. Along with the graphs,

the average r-values were added as labels to each site on the GIS and then the Austrian
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GI’s were overlaid to help analyse the difference between r-values on different glacial

margins from the past.
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Chapter 4.

Results

In this chapter, section 4.1 covers results from the geomorphological map (Figure 4.1)
and section 4.2 presents the Schmidt hammers results. The geomorphological features
are in separate sub-sections and the rest of the features are under their own subsections
based on feature type. The individual transects for the Schmidt hammer are presented
together, with other sections covering the additional sites and the average transect r-

value against the average transect elevation.
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Figure 4. 1: Geomorphological map of the Schlatenkees foreland.



4.1 - Geomorphological Map

In total 16 features were mapped across and surrounding the foreland of the
Schlatenkees (Figure 4.1; Table 4.1). Particular attention was given to the
geomorphological features, especially the bedrock and the moraines as they can help

indicate past extents of the ice and the direction of retreat (Roman, 2019).

Table 4. 1: Table showing the total area (or highest length of a linear feature) of the
mapped features across the Schlatenkees foreland. The feature type on the map
and the occurrence of each feature is also acknowledged. Table based off (Kjeer et
al., 2008). ‘Gullies drawn only signify that gullies are present on that section of

hillside. Does not signify quantity of gullies

Mapped feature Total area (km?) Greatest length (m) Occurrence
Scoured Bedrock | 0.85km? - 205
Scree | 0.61km? - 76
Moraines | - 986m 58
Gullies® | - 461m 29
Braided River | 0.06km? - 1
Ponds | 0.01km? - 40
Fluvial Outwash | >0.01km? - 5
Plain
Seasonal | - 753m 1
Snowmelt Stream
Streams | - 896m 16
Meltwater Streams | - 2850m 9
Meltwater Pond | >0.01km? - 6
Proglacial Lake | 0.07km? : 1
Schlatenkees | 0.26km? - 1
Debris Covered | 0.26km? - 1
Schlatenkees
Trees | 0.09km? - 3
Shrubs | 0.04km? - 8
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4.1.1 - Geomorphological Features — Scoured Bedrock

Scoured bedrock covered the highest area at 0.85km? (Table 4.1) with most of the valley
floor up to 1250m away from the glacier being scoured bedrock with only a few sections
higher up on the northern slopes. Scree covered vast areas of the upper northern slopes
above the bedrock. Through observations made in ground truthing, striations were
identified on the bedrock surface (Figure 4.2a) in some areas. Channels incised into the
bedrock (Figure 4.2b) and streamlined bedrock features, such as Roche moutonnées

(Figure 4.2c) were also identified. Large areas of exposed bedrock can be seen either side

of the narrowing tongue of the glacier (Figure 4.3).
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Figure 4. 2a: Photo of striations in the bedrock at additional site 3; Figure 4. 2b: Channel incised into the
bedrock below site 4 on transect 3; Figure 4. 2c: Streamlined features at additional site three. The feature
under the furthest right red arrow is a small roche moutonnée. Red arrows indicate streamline features, green
arrows show ice flow direction. Source: All photos - Author.
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Glacier tongue

Figure 4. 3: Image showing large sections of exposed bedrock either side of the narrow
tongue of the Schlatenkees. Purple hatchings highlight bedrock either side of the
tongue. Source: Author

4.1.2 - Geomorphological Features — Moraines

The moraines show a clear indication of the full glacier extent during the LIA (Fischer et
al., 2015a) (Figure 4.4) with moraine ridges being observed on the valley floor in the north
of the site. In total 58 moraines were identified, making it the 3" most identified feature
within the GIS database (Table 4.1). The two longest moraines are on the southern side
(Figure 4.5a) of the site and sit approximately 100m above the scoured bedrock and have
numerous gullies. The moraines to the north (Figure 4.5b) mostly consisted of larger
boulders (observed during ground truthing), and the high and very distinct moraines in
the south, consisted of smaller sediments. Within the study site, a set of moraines were

identified that cut across the site from northwest to southeast (Figure 4.6a, 4.6b, 4.6c),
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with the length of this moraine being walked during ground truthing as it follows the past
glacier margins from GlI’s 1 and 2 (Figure 4.4) (Fischer et al., 2015b). Two more small

groups of moraines can be observed on the northwestern edge of the bedrock.

Kilometers
[ 61 LIA (~1850) Scale: 1:10,000
[ Gt (1969) Author: M. Neuwirth - 2025

Glacier margin data from Fischer et al. (2015a);
[ 612 (19%9) Grof and Patzelt (2015)

Moraines Land Tirol - data.gv.at, Maxar, Microsoft

Figure 4. 4: Map showing the LIA,1969 and 1998 glacier margins for the Schlatenkees in
comparison to the moraines. The LIA margin follows the lateral moraines whilst the 1969 and 1998
margins follow the moraine cutting across the site from north-west to south-east.
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Figure 4. 5a: Image showing the southern moraine which sits above the foreland of the
Schlatenkees. Red lines highlight the ridges of the moraines; Figure 4. 5b: Image
showing the moraines on the northern slope above the foreland of the Schlatenkees.
Highlighted with red arrows. Source: Author.
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Figure 4. 6 a: 3 Image looking downhill as the moraine cuts across the
landscape; 4. 6b: Image showing the moraine where it was deposited on a
section of bedrock at site 3, transect; 4. 6¢: Side view of a section of the
moraine further down from figures 4. 6a and 4. 6b. The red line shows the
ridge of the moraines. Source: Author.
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4.1.3 - Geomorphological Features — Gullies

Gullies were predominantly found along the southern slope above the foreland. Extensive
gullying can be observed in the finer sediments within the large moraine above the
southern side of the site (Figure 4.7). There is continued gullying further east along the
southern moraine. The longest gully was situated in the northwest and measured 461m

(Table 4.1).

Figure 4. 7: Photo showing gullying on the large moraine on the south side of the site. Source:
Author.

4.1.4 - Hydrological Features

There were 6 hydrological features identified within the mapping area, with the ponds
being the most identified at 40, although they covered an area of <0.01km? (Table 4.1).
The largest meltwater stream was 2850m in length (Table 4.1), which discharges water
from the proglacial lake (Figure 4.8). In the southwest of the site the smaller meltwater

streams are from the Karlskees (Figure 1.3). The meltwater streams from the
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Schlatenkees and the Karleskees merge and flow further downstream to join the braided
river. The largest body of water in the site was the pro-glacial lake at 0.07km?(Figure 4.9;
Table 4.1), fed by both sections of the Schlatenkees and had various icebergs floating

within it.

Figure 4. 8: Image showing the meltwater stream which drains the
proglacial lake at the Schlatenkees. Source: Author.
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Figure 4. 9: Image showing the proglacial lake where the Schlatenkees terminates as seen
from site 1 on transect 4. Various icebergs which have calved from the snout can be seen
floating in the lake. Source: Author.

4.1.5 - Glaciological Features

The two glaciological features that were identified were the Schlatenkees and the debris
covered section from the south (Figure 4.10a, 10b) which cover a combined area of
0.52km? (Table 4.1) and terminate in the proglacial lake. The Schlatenkees had a very

narrow tongue, which was only 115m wide when measured on satellite imagery.
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Fig. 4.10a Fig. 4.10b

Figure 4. 10 a: The Schlatenkees as seen from the proglacial lake where it
terminates; Figure 4. 10b: The terminus of the debris covered section of the
Schlatenkees. Source: Both photos - Author

4.1.6 — Vegetation

Only the larger types of vegetation were mapped, these being shrubs and trees. These
were contained to lower elevations in the north/north-east of the site where the foreland
drops down into the valley below (Figure 4.11), with the trees covering the most area at

0.09km? (Table 4.1).
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Figure 4. 11: Photo from valley bottom showing trees and shrubs on the lower part
of the Schlatenkees foreland which drops down into the valley floor. Source: Author.
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4.2 — Schmidt Hammer

Overall, including additional sites, there were 26 sites sampled at the Schlatenkees, with
18 on transects (Figure 4.12). A statistically significant relationship was found between
the average transect r-value and the average transect elevation. There was a trend
observed between all transects as the site closest to the glacier was higher than the site
furthest away (Figure 4.12). A high SD was identified across the study area amongst the
sites along the transects with an average SD of 9.1. The average mean r-value for all sites
along the 4 different transects was 61. A range of 20 was identified between the highest

and lowest recorded sites.
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Additional sites
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Figure 4. 12: Overview showing all sites with their r-values and the glacial margins from
the glacial inventories.
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Author; M. Neuwirth - 2025
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4.2.1 - Transects

Transect 1 had the least number of sites at 3 (all bedrock) due to it being the shortest at
573m (Figure 4.12) This transect was at the lowest elevation with an average elevation of
2121m and very smooth bedrock (Figure 4.13). Transect 1 boasted the site with the
highest overall r-value with site 2 recording an r-value out of 69 with a standard deviation
(SD) of 5.7 (Figure 4.14). This transect recorded a p-value of 0.96 (>0.05), showing a
statistically insignificant relationship between r-value and distance from the glacier,
whilst having site one higher than site five. The error bars showed a considerable variance
within all three sites as they all had SDs above 5.7 (Figure 4.13) and the boxplot diagrams

help highlight the variance in sites 1 and 3 (Figure 4.15).

Figure 4. 13: A very smooth area of bedrock at site 2 on transect 1. Source: 49
Author
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Figure 4. 14: Graph showing the average site r-value against the distance from the
glacier for transect 1. With the standard deviations shown in the error bars. Source:
Author.
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Figure 4. 15: Boxplot showing the differences between the sites on transect 1. Blue
square represents the mean and red crosses represent outliers. Source: Author.

Transect 2 measured 1115m in length and included five sites, all of which were bedrock
(Figure 4.12) and had an average elevation of 2143m. The statistically insignificant p-
value of 0.26 (>0.05) it is the lowest out of all transects, however, site 1 was still higher
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than site 5. Sites 2 and 3 had the same average R-value of 66, the highest for this transect
(Figure 4.16). There was little variation in values across the transect, with a range of 4
(Figure 4.16). The lowest SD was from site 2 at 4.3, which was the lowest overall. Both

sites 3 and 4 had two outliers, while sites 3 and 5 have the highest interquartile range

(Figure 4.17).
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Figure 4. 16: Graph showing the average site r-value against the distance from
the glacier for transect 2. With the standard deviations shown in the error. bars.
Source: Author.
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Figure 4. 17: Boxplot showing the differences between the sites on transect 2. Blue
square represents the mean and red crosses represent outliers. Source: Author. 51



Transect 3 was the longest at 1205m (Figure 4.12). It had 5 sites, four of which were
bedrock and one of which was clasts and was the second highest with an average
elevation of 2201m. The p-value of 0.59 (>0.05) made it the second lowest out the 4
transects. Site 2 had the highest R-value at 65 with an SD of 7.1, the lowest overall along
the transect (Figure 4.18). A clear downward trend in average R-values is observed from
sites 2 to 4. However, a sharp increase is observed at site 5 which had the highest value
out of the 3 clast sites. The boxplot diagram (Figure 4.19) highlights a significant variance

in site 4, which also had the highest SD of 12.1.

Transect 3 - Site Averages
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Figure 4. 18: Graph showing the average site r-value against the distance from the glacier
for transect 3. With the standard deviations shown in the error bars. Source: Author.
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Figure 4. 19: Boxplot showing the differences between the sites on transect 3. Blue
square represents the mean and red crosses represent outliers. Source: Author.

Transect 4 measured at 1065m (Figure 4.12) and had the highest average elevation out of
all four transects at 2267 meters. It had 5 sites, 3 being bedrock and 2 being clasts.
Although being statistically insignificant with a p-value of 0.89 (>0.05), it recorded the
highest difference between site 1 and 5, at eight, following the trend observed along the
other transects (Figure 4.20). A sharp decline from site 1 to site 2 highlighted site 2 as a
significant outlier with it having the lowest overall r-value at 49 and SD at 13.6 (Figure
4.20). It also had the greatest interquartile range overall as observed in Figure 4.21 and
was the highest site overall at 2309 meters. This site had lots of vegetation present, with

weathered bedrock surfaces across the site (Figure 4.22).
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Figure 4. 20: Graph showing the average site r-value against the distance from the glacier

for transect 4. With the standard deviations shown in the error bars. Source: Author.
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Figure 4. 21: Boxplot showing the differences between the sites on transect 4. Blue
square represents the mean and red crosses represent outliers. Source: Author.

54



Figure 4. 22: An area of bedrock sampled at site 2 on transect four.
Vegetation and a rougher rock surface can be observed. Source: Author.

4.2.2 - Individual Transects Compared

The common theme across all transects is that sites closest to the glaciers were higher
than the sites furthest away from the glacier. The outliers identified on the individual
graphs were furthermore highlighted (Figure 4.23). Site 2 on transect 4 stuck out as the
lowest value overall and the stark difference of 20 between the lowest and highest r-
values was highlighted (Figure 4.23). Although transect 2 site 5 was the furthest away
from the glacier, it was higher still than 39% of sites which are closer to the glacier. In
total, eight sample points were on known glacial margins from the glacial inventories

(Figure 4.12) and along Gl1 there was a range of 17 between all values.
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Figure 4. 23: Graph showing a comparison between all 4 transects plotted against the
distance from the glacier. Source: Author.

4.2.3 - Additional sites

The additional sites sampled at the Schlatenkees were chosen to be in specific locations
that were thought to be important when determining the reliability of the Schmidt
hammer; such as additional sites 5 and 6 being inside and outside a moraine or
additional site 7 being located between sites 1 and 2 on transect 4 where there was a

significant difference in r-values observed.

Additional site 1 (closest to the ice) (Figure 4.24) recorded an r-value of 67.5 which was
higher than additional site 8 (furthest from the ice) at 59 (Table 4.2). For additional sites 5
and 6 which were either side of a moraine they recorded r-values which would be
expected as site 6 recorded a lower value (Figure 4.24; Table 4.2). The site with the highest

SD was additional site 2 at 11.0, however this was the only clast site, all other seven were
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on bedrock. Additional site 7 recorded an r-value of 63.5 (SD. 6.9) and further highlighted

the significance of site 2 transect 4 as an outlier.

= - | Overview showing the additional sites with the site
® Addinonal skes |.|number and r-value displayed

Kilometers
Scale: 1:7,500
Author; M. Neuwirth - 2025

Land Tirol - data.av.at, Maxar, Microsoft

Figure 4. 24: Overview of the eight additional sites sampled at the Schlatenkees. See
Table 4.2 for the distance from the ice and SD.

Table 4. 2: Table showing the data for the additional sites sampled at the Schlatenkees.

Site No. of Distance from Ice Standard Deviation R-value
Rebounds (m)
Additional site 1 50 20 meters 4.6 67.5
Additional site 2 48 620 meters 11.0 54
Additional site 3 50 520 meters 4.7 62.5
Additional site 4 48 470 meters 5.5 56
Additional site 5 50 568 meters 6.6 62.5
Additional site 6 47 600 meters 9.6 56
Additional site 7 50 215 meters 6.9 63.5
Additional site 8 48 1728 meters 7.7 59
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4.2.4 - Transect Average Vs. Elevation

When comparing the average r-value of each transect (the average of all sites on a
transect) against the average elevation of all sites on the transect, a linear relationship
between the two variables was observed (Figure 4.25). The r-value decreased as the
elevation increased showing a statically significant relationship with a p-value of 0.005

(<0.05).
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Figure 4. 25: Graph showing the average r-value of each transect plotted against the
average elevation of each transect. Source: Author.

4.2.5 - Exposure Dates of the Sites

Using historical photos which date to the 1920/30s from the Osterreichische
Nationalbibliothek, (2025) and aerial imagery going back to 1953 it was possible to get
exposure dates for all sites (Table 4.3). The year exposed is the year it can be seen on
satellite imagery; therefore, some sites may have been exposed before the next available

aerialimage.
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Table 4. 3: Table showing the exposure date of the sites along the transects and for the

additional sites.
Transect Site Last Known Year Year exposed Elevation R-
Under Ice (m) value
1 1 2004 2006 2131 65.5
1 2 1953 1969 2127 69
1 3 1928 1953 2106 64.5
2 1 2009 2015 2166 65.6
2 2 2004 2006 2181 66
2 3 1953 1969 2186 66
2 4 1928 1953 2136 62
2 5 1928 1953 2048 63
3 1 2009 2015 2219 64.5 ‘
3 2 2006 2009 2230 65
3 3 1953 1969 2233 57.5
3 4 1928 1953 2210 54.5
3 5 1928 1953 2113 64
4 1 2004 2006 2296 66.5
4 2 LIA 1928 2309 49
4 3 LIA 1953 2283 55
4 4 LIA 1928 2243 60
4 5 LIA 1928 2213 58.5
Additional Sites Site Last Known Year Year exposed Elevation R-
Under Ice (m) value
1 1 2015 2022 67.5
2 2 LIA LIA 54
3 3 1953 1969 62.5
4 4 1953 1969 56.5
5 5 1953 1969 62.5
6 6 1928 1953 54.5
7 7 1997 2004 63.5
8 8 LIA LIA 59
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Chapter 5.

Discussion

This section aims to interpret some of the results and discuss them in a wider context.
Features identified on the geomorphological map (Section 5.1) that are linked to glacial
retreat are discussed to help achieve the first objective (see section 1.2). Section 5.2
focuses on the second and third objective (section 1.2) which cover the Schmidt
hammer. In this section the variety in the Schmidt hammer results are discussed, along
the possibilities for this variety and the final sub-section discusses the limitations of the

Schmidt hammer.

5.1 - Geomorphological Map

During the site visit in September 2024 a multitude of features relating to glacial retreat
were identified through the combination of analysis of satellite imagery and ground
truthing. The ability to ground truth in this study was highly important as it allowed the
opportunity to identify features in the bedrock, walk the length of moraines and identify

the sediments that make up the two lateral moraines above the study area.
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5.1.1-Scoured Bedrock

The scoured bedrock dominates the study area from west to east with large sections
north and south of the narrow tongue and smaller sections within more vegetated areas
(Figure 4.1). The study area itself was also predominantly bedrock. Itis possible that there
is more scoured bedrock further down the valley, however, the vegetation cover is too
substantial to confirm. This widespread glacial erosion can be referred to as ‘areal
scouring’ and is widely observed in regions such as the north-west of Scotland (Rea and
Evans, 1996) and are characterized by streamlined features and over-deepened rock

basins (Benn and Evans, 2010).

Streamlined features such as Roche moutonnées were identified within the study area
(Figure 4.1c), with some having striations, giving an indication of ice flow (Rea and Evans,
1996; Ray et al., 2021). This kind of landscape allows for many ponds to form between
the high and low points and at the Schlatenkees twenty-eight ponds were observed within
the bedrock. These features are formed during the advance of the ice and are only
revealed after the retreat of the ice; however, they are important in understanding local

glacier dynamics, including ice flow direction, plucking, abrasion and quarrying.

5.1.2—-Moraines

Moraines are an indication of past glacier extent in a region and are formed by deposition
of sediment in various forms (Benn and Evans, 2010). The two types of moraines
identified in the Schlatenkees foreland were lateral and recessional and these are
discussed in the following two sections. No terminal moraines were identified at the

bottom of the valley. Evidence from old photos and the Gl LIA (GroB and Patzelt, 2015),
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indicates that it may have been located where the braided river is in the present day and

likely eroded and washed downstream through fluvial processes.

5.1.2.1 — Lateral Moraines

Lateral moraines primarily consist of supraglacial debris, typically from rockfall on the
slopes above the glacier (Small, 1983; Benn and Evans, 2010). There is a profound
difference in the sediment size between the northern and southern moraines. The
northern moraines are comprised of large clasts (Figure 5.1a) which may be due to the
large coverage of scree slopes above the northern side of the site consisting of larger
material. The southern moraine consists of finerand more angular sediment (Figure 5.1b)
which is causing numerous gullies to appear on the slopes of the moraine. This may be a
consequence of the high concentration of rock fall from the north face of the Kristallwand
and the scree slopes above the debris covered section of the Schlatenkees (Figure 5.2).
Historical imagery helps to show the difference in debris cover on the northern and
southern margins of the glacier and why the sediment characteristics are vastly different
between the moraines (Figure 5.3). The lateral moraines align closely with the GI LIA (GroB
and Patzelt, 2015), particularly the along the southern moraines (Figure 4.3) strongly

suggesting that these are from the Schaltenkees’ LIA maximum.
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Fig. 5.1a Fig.5.1b

Figure 5. 1 a: Photograph showing a section of the moraine on the northern side of the site
comprised of larger clasts surrounded by vegetation; Figure 5. 1b: Photograph looking down
the southern moraine above the debris covered tributary of the Schlatenkees which shows
some clasts mixed in with finer sediments. Both photos sourced from Author.
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Figure 5. 2: Annotated photo showing the possible sources for the abundance of debris
covering the debris covered tributary of the Schlatenkees which had formed the southern
lateral moraine. The area shaded in red is a scree slope, the north face of the Kristallwand is
shaded in a yellow hatching and the glacier is outlined in green. Source: Author.
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Figure 5. 3: Annotated photo of the Schlatenkees from between 1920-1940,
showing the difference between the clean surface of the Schlatenkees on the
right compared to the debris covered tributary on the left. The southern
moraine is highlighted in red. Source: Austrian National Library — Photo L
51918-B POR MAG (https://data.onb.ac.at/rep/BAG_18956337).

5.1.2.2 — Recessional Moraines

The second type of moraine identified were recessional moraines. These are moraines
which are within the limits of the outermost moraines and are formed during recession of
a glacier (Benn and Evans, 2010). The most prominent recessional moraine went from
northwest to southeast and was split into different segments (Figure 4.1). Using the
Austrian GI’s, it revealed that GI1 and GI2 (Patzelt, 1980; Lambrecht and Kuhn, 2007) closely
aligned with this moraine. The margin of GI2 follows the shape of the moraine closer

compared to Gl1, although they both do intersect the moraine at points (Figure 4.4).
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When analysing Orthophotos of the Schlatenkees from the 1970/80s, a slight glacier
advance was observed between 1974 and 1982. This is consistent with other
observations made in the alps during the 1970/80s (Schoner et al., 2000; Lambrecht and
Kuhn, 2007; Fischer et al., 2015a). This moraine was likely formed during this advancing
period and with the feature being no younger than 51 years old, it shows the change in
terminus positions in the last half century at the Schlatenkees. However, there was an
error observed with the margin from GI2 on the GIS, as seen in Figure 5.4 the glacier
terminus had receded away from the moraine by some distance by 1997 compared to

whatis shown by GI2 on the GIS (Figure 4.4).

Source: Land Ti

Elight - 1957105 (Gn lock

Figure 5. 4: Satellite imagery from 1997 showing the actual distance the
glacier had receded from the recessional moraine. Red arrows show
sections of the moraine and white arrows show the rough distance
between the moraine and terminus. Source: See bottom left of figure.
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Older recessional moraines were identified in the northeast of the study area, with
historicalimagery fromthe 1920s-30s (Figure 5.5, 5.6) indicating they were formed during
this period. Site 4 on transect 4 was located directly west of the most westerly moraine
in group one (as labelled on Figure 5.6) and recorded an r-value of 60. These moraines
are below the northern slope and are comprised of the same type of clasts seen in the

northern lateral moraines.
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Figure 5. 5: Annotated historical Image between the 1920s-1930s showing the
glacial margin at points where recessional moraines were identified on the
geomorphological map. Source: Austrian National Library — Photo L 51918-B
POR MAG (https://data.onb.ac.at/rep/BAG_18956337)
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Figure 5. 6: Aerial imagery showing the location of the recessional
moraines which were left behind by the glacier as it retreated from the
location seen in Figure 5.5.

5.1.3 - Hydrological Features

Due to the current state of glaciers in the alps, ice-contact proglacial lakes, such as
observed at the Schlatenkees (Figure 4.1, 4.9) are becoming more common. Various
icebergs were observed in the proglacial lake at the Schlatenkees showing the retreatand
disintegration of the snout at the lake (Figure 4.9). These lakes have also been identified
at the Miage Glacier in Italy (Diolaiuti et al., 2006) and the Pazterze Glacier in Austria

(Kellerer-Pirklbauer et al., 2021).

Throughout the world, proglacial lakes are becoming an increasing indicator of glacier
retreat (Otto, 2019) such as in the New Zealand Alps (Tweed and Carrivick, 2015). In
Austria, the Venediger group has one of the highest densities of proglacial lakes in, as

highlighted in an inventory compiled by Buckel et al. (2018) (Figure 5.7). Although, there
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was no lake at the Schlatenkees at the time of the study by Buckel et al. (2018), it
highlights a trend of increasing temperatures and decreasing glacier area in Austria,
which is accelerating the formation of these proglacial lakes. A few interesting
observations were identified within this inventory by Buckel et al. (2018) such as an
increase of 264 new lakes between the LIA and 2015 with bedrock dammed lakes being
the predominant type observed. The study also linked the formation of these lakes to

changing climatic conditions and glacier retreat.

Lake area ratio
m3/km?

High : 6699.47
J—

Low : 38.3054

Figure 5. 7: Map of glacial lakes in Austria, showing the Venediger group
(labelled as group ‘3’) with the 3™ highest lake density in the Austrian Alps.
Source: Buckel et al. (2018).

The proglacial lake at the Schlatenkees has been a recent development in the foreland.
Satellite imagery from 2015 shows little evidence of proglacial lake formation, however
imagery from 2019 shows clear indication of snout disintegration and a lake forming

beneath the ice. In 2022, the proglacial lake is a prominent feature in the landscape

(Figure 5.8a 5.8b, 5.8c).
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Fig. 5.8a

Source: Tyrolean State Government -
Geoinformation Department (2025)

Figure 5. 8 a: Satellite imagery of the Schlatenkees in 2015 showing little indication of
proglacial lake development; Figure 5.8b; Satellite imagery of the Schlatenkees from
2019 showing circular crevasses and disintegration of the snout with the proglacial lake
in development; Figure 5.8c: Satellite imagery of the Schlatenkees from 2022 showing
the proglacial lake which has become a prominent feature in the landscape.
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5.2 - Schmidt Hammer

Twenty-six sites were sampled across the Schlatenkees foreland using the Schmidt
hammer with the aim of testing its reliability. A relationship was identified between the r-
value and the distance from the glacier, with site one on each transect recording a higher
value than site five, indicating that the sites further away have been exposed longer. At
two additional sites either side of a moraine, the site inside the moraine recorded a higher

r-value, which is consistent with findings by Matthews et al. (2024) in Norway.

5.2.1 - R-values across the Schlatenkees Foreland

Shakesby et al. (2006) demonstrated a statistically significant relationship on different
surface types in southern Norway (Figure 2.4), on a similar lithology to the Schlatenkees.
This showed that Schmidt hammer r-values could be used to clearly distinguish surfaces
of different ages. The Schmidt hammer’s ability to quantify glacial recession accurately
at the Schlatenkees was more subtle, with none of the transects being statistically
significant. However, the transects showed a trend of the furthest away site recording a
lower r-value (Figure 4.12), and additionally a difference of 8.5 was recorded between the
two additional sites furthest away from each other (Table 4.2). Indicating, that the
Schmidt hammer did show some reliability, although it was not as effective as

demonstrated by, Shakesby et al. (2006) in Norway.

Although a multitude of studies have applied the Schmidt hammer to gneiss, (See Table
in Goudie, 2006), there is a gap in the literature regarding its application and reliability to

recently deglaciated gneiss. Matthews and Owen (2008) suggest a preliminary dating
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curve for surfaces exposed <50 years by retreating glaciers in Norway, suggesting a mean
r-value of ~61.0 for unweathered and freshly deglaciated rock surfaces. At the
Schlatenkees, eight sites were deglaciated <50 years ago (Table 4.3), with a mean r-value
of 65.5, 4.5 lower Matthews and Owens’ (2008) dating curve. This does indicate some
minor inaccuracies with the Schmidt hammer, however, the mean r-value of sites
deglaciated >50 years ago was 59.0. This does show the general reliability of the Schmidt

hammer to distinguish younger and newer surfaces.

5.2.2 — Retreat Pattern of Schlatenkees Affecting R-Values

There was no statistically significant relationship identified between r-value and distance
from the glacier. However, the trend of site five on each transect being higher than site

one indicates a moderate correlation.

Understanding the retreat pattern of the Schlatenkees is important. The site slopes
downwards from north to south, with the low point being where the present-day
meltwater stream is located. From analysing historical photos and satellite imagery, the
glacier retreats into this low point, with it being the point of the glacier that extends
furthest downslope. As it is known that the glacier retreated from a higher elevation to a
lower one, it helps demonstrate the statistically significant relationship (p-value- 0.005)
between the transect elevation and r-value. This further supports the Schmidt hammer
as areliable piece of equipment in measuring the glacial recession at this site. The use of
historical photos and orthophotos/satellite imagery helped to provide further insight into

the relationship observed.
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5.2.3 — Assessing the Outlier of Site 2 on Transect 4

The Schmidt hammer values collected across the Schlatenkees foreland had
considerable variability with an average SD across all sites of 8.4, with a range from 4.3
(Figure 4.16) to 13.6 (Figure 4.20), highlighting concerns about its reliability. A possibility
for this variance may be the local lithology, gneiss, which can feature a coarse grain on
the surface (Fueten et al., 2003). The heterogeneity between the rock surfaces between
and within transects was clear, quartz veins, oxidization and varying mineral
compositions were all identified (Figure 5.9a, 5.9b). These likely did contribute to
inaccuracies in the r-values at the Schlatenkees, a point also identified by Tomkins et al.
(2016) on features linked to recession of the British Ice Sheet. There was also a difference
of 4.5 in r-values observed by Shakesby et al. (2006) on two different compositions of
gneiss. Both Tomkins et al. (2016) and Czempiniski and Dagbski (2017) suggested that
based of their results, gneiss may not be suitable for Schmidt hammer application due to

its coarse surface grain and varying mineral composition.
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Figure 5. 9a: Smooth bedrock surface at site 1 on transect 3. Figure 5.9b: Rougher
and lichen covered section of bedrock at site 4, transect 3 with moss, lichen and
oxidisation, highlighting the difference between two sites on the same surface.
Source: Both photos - Author.

The largest difference between two sites on one transect is site 1 (66.5) and 2 (49) on
transect 4 (Figure 4.20); a difference of 17.5. These two sites are approximately 200
meters apart, with site 2 being further away from the glacier and 13m higher and the sites
were deglaciated at least 78 years apart (Table 4.3). To help investigate large difference
between these two sites, additional site seven was placed in between the two sites,
recording an r-value of 63.5 (Table 4.2). There was a clear difference in surfaces at site 1
and 2, with site one being smooth and lichen free, whilst site two exhibited a coarser
texture and significant lichen cover (Figure 5.10a, 10b). The presence of lichen on the rock

surface at site two may have influenced the r-value, a point also made by Matthews and
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Owen, (2008), who found a 28-point r-value reduction between lichen covered surfaces
and lichen free surfaces on bedrock exposed in 1951. They further discuss that the lichen
was enhancing weathering rates on rock surfaces 200-300 times greater than the normal

weathering rate in that region (Matthews and Owen, 2008).

Fig. 5.10b

Figure 5. 10a: Bedrock sampled from site 1 on transect 4 (r-value 66.5), showing a
smooth profile with no lichen present. Figure 5. 10b: Bedrock sampled at site 2 on
transect 4 (r-value 49) showing the presence of lichen and a rougher profile.

Source: Both photos - Author.

The observed outlier of site 2 on transect 4 (Figure 4.20) does raise some questions
around the reliability of the Schmidt hammer on gneiss and lichen covered surfaces.
Further analysis on the weathering rates and mineral composition may help suggest the
observed difference in r-value and analysis of the lichen at the site would aid in getting a

better understanding of the difference in r-vales. Using the Schmidt hammer in

conjunction with lichenometry for example (Matthews and Shakesby, 1984; Rune Aa and
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Sjastad, 2000) may help to provide a more robust value at sites where the Schmidt

hammer is limited.

5.2.4 - Limitations of the Schmidt Hammer

Throughout this study various limitations were identified with the Schmidt hammer,
which may have influenced the recorded r-values at certain sites. The difference in
surface texture and the presence of lichen on the rock surfaces may have impacted the
r-values. These findings raise questions surrounding gneiss and if it is a suitable lithology
for Schmidt hammer application due to it not being homogenous in structure. This leads
to there being scope for future studies to explore the application of the Schmidt hammer
to more homogenous lithologies such as sandstone. The effects of the lichen and
variability in gneiss was mentioned in the previous section and has also been
documented in previous studies (Matthews and Owen, 2008; Tomkins et al., 2016).
Future work on the effects of lichen and mineral variability on r-values would help gather
a more robustunderstanding on the Schmidt hammer’s reliability on recently deglaciated

gneissic glacial landscapes which can be dated through historical/aerial imagery.

Local glacier mechanics can influence the surface of the bedrock and thus the Schmidt
hammer results. Differencesin basal sliding speed affecting abrasion rates, ice thickness
(Hallet, 1981) and concentration of basal debris (Ugelvig and Egholm, 2018) affect the
subglacial erosion of a glacier, and consequently the rock surface characteristics. For
example, a difference in local glacier dynamics could explain the difference of 14 in r-

value between site 2 transect 1 and site 3 transect 4. At site 2 transect 1 there may have
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been a higher basal debris concentration due to its location debris covered section,

leading to the smoother bedrock observed.
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Chapter 6.

Conclusion

The aim of this study was to test the reliability of the Schmidt hammer to measure glacial
recession in the Austrian Alps and this was done by sampling twenty-six different sites
across the foreland of the Schlatenkees. Overall, the Schmidt hammer proved
moderately reliable as a cheap, lightweight piece of equipment, with each transect
having a higher r-value at site 1 opposed to site 5. The two furthest additional sites further
away from each other also saw a reduction in r-value as distance increased. The Schmidt
hammer was tested either side of a moraine and the results tied in with expectations that
the r-value was higher inside the moraine closer to the glacier. The sites where the rock
surface was smooth, such as transect 1 site 2 (Figure 4.13), produced higher r-values and
on more weathered and rougher rock, such as transect 4 sites 2 (Figure 4.22) or 3, lower
r-value were produced, staying consistent with expectations. These results have helped
broaden the literature on the reliability of the Schmidt hammer on recently deglaciated

surfaces.

However, inaccuracies in r-value between smooth and weathered bedrock with lichen
present on the surface do question its reliably on some surface types and it was evident
that the latter surface type did affect r-values. Although, the variety in gneiss must not be
overlooked and that between sites, even on the same transect, the mineral composition
differed. This furthers the point made by Tomkins et al. (2016), suggesting that gneiss may
not be suitable for Schmidt hammer application and can cause inaccurate results,

leading to a less reliable data.
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6.1 — Addressing the Objectives

The first objective was to identify any features relating to glacial retreat or former glacial
terminus positions and this was achieved with lateral and recessional moraines showing
clear former terminus positions which lined up with the various Gl’s. The proglacial lake
at the Schlatenkees highlighted glacier in more recent times and follows a trend of

proglacial development in the Austrian Alps since the LIA (Buckel et al., 2018).

The second objective involved collecting Schmidt hammer r-values across the
Schlatenkees foreland to identify old glacier positions. Using various historical photos,
orthophotos and satellite imagery it was possible to apply absolute dating to these sites
to know when they were exposed. These dates can be paired with r-values (Table 4.3) to

aid in identifying these former positions.

Finally, the third objective was to identify a relationship between the r-values and the
distance from the glacier and this was achieved to a moderate extent. There was a
relationship identified between sites one and five on each transect and some additional
sites, however, these were not statistically significant as there was a mix of r-values
between the two furthest away sites. Although there was a statistically relationship
between the average transect r-value and elevation, showing that the Schmidt hammer
proved reliable in measuring the recession of the Schlatenkees as it retreated from a

higher elevation.
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8 — Appendices

Appendix A - ‘RockSchmidt’ programme

File Device Edit Help

T EFILLTYER

Series Summary

Summary of Series

Diagram of series [measurement order]

Values of series Statistics of summary Settings of series
655 640 350 595 660 655 Totalused series N =36 Averaging mode
700 525 365 605 655 Invalid series Ni=0 Conversion curve
645 565 680 585 525 Mean value f =602R Correction factor
655 615 635 550 620 Standard deviation s =83R  Unit
655 465 665 640 650 Serial number
635 565 470 645 685 Date&Time
625 625 550 6&75 630

Comment

[Add]

Mean

1.00

R

SHO1-009-0048
09/07/2024 12:51 PM

Summary page of all the series’ taken with the Schmidt hammer. B — Page showing all

off the series’ taken
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Appendix B — Excel spreadsheet with outliers removed

Tiansect 2 Furthest| Closest Tiansect 3 Furthezt] Clazest Transect 4 Furthest
Site 1 Site 2 Site 3 Site 4 Site 5 | fromice] toice Site 1 Site 2 Site 3 Site 4 Site 5 | fromice] boice Site 1 Site 2 Site 3 Site 4 Site 5 | from icsl
655 L3 L3 62 64 645 65 575 545 64 665 49 55 B0 585
3] 67.5 75.5 &4 57 i | 63 54.5 63 68.5 54 61.5 66 59.5
64 70 [ 62 56 B35 60 68 69.5 (1] 48 65 GE.5 62
67.5 4.5 53.5 56.5 505 62 68 63 43 59 53.5 565 61 515 615
Kl T4 T4 73 45 655 25 625 435 40.5 68.5 H 595 &0 58
64 53 69 BES B35 70 595 57 68.5 67.5 53 55 525 38
68 63 69 615 665 595 1S 59 625 715 67.5 605 615 54 62
57 59.5 ¥0.5 53.5 48 585 59 59 525 54 725 645 615 (13 Fill
675 1.5 Frd 58 61 BE.5 625 63 42 69.5 66.5 (3] 625 5.5 55.5
68.5 73 69.5 59 685 66 [ R 645 405 64 (1] 59 59.5 605 33
68.5 E E2.! 71L.E 59.5 14 Fid .| 58 55 65.5
T2 L 42.5 I35 | 52.5 67.5 58.5 5 .| 44
&4 &2 59. 68.5 65 L 18.5
67.5 67.5 66.5 63.5 2. 67 52 69.5 A 35.5
66.5 T4 1 2] 582 60 40.5 69.5 .| 45 (3] 51.5
5 ¥2.5 66.5 65.5 61 66 69 395 [ 1.5 E7.5 595 E05 41.5
605 57.5 95 55.5 (i3] 67 475 55 46 56 64 27 59 58 62
665 [ 99.5 615 52 Fill 65 57 565 57.5 52 51 50 51 665
62.5 53.5 62 &0 59 (1] B85 56 485 Kl 67.5 515 735 645
57.5 66.5 ¥2.5 56.5 655 BA5 575 50 73 52 (i) 46 475 &7 52
69.5 1] &7 60.5 565 585 655 595 59 52.5 (i) 4+ 535 63 63
68.5 67.5 60.5 ¥2.5 63 2.5 61 53 765 375 45.5 59.5 46 585 B05
705 67.5 45 65.5 59.5 63 64 585 1] 64.5 70 37 435 61 635
&5 &2 71.5 63.5 60.5 60.5 &0 23 37 &1
. 70.5 67.5 63 50.5 69.5 52 70.5 5.5 .| 65 63.5
68.5 1 69.5 1 5 T 35 .| 67.5
1 [ L] 63 58.5 68 &5 7 57.5 58 &1
! ¥2.5 69.5 R 1.5 B35 65 655 Frd T 565 565 [
70 70 61 ¥3.5 1.5 66 B85 505 66.5 64.5 355 44 63 68
63 69.5 58 60.5 3 68 64 47 47 40 60.5 (13 44 49 59
61 68.5 69 66.5 705 65 3] 62 575 515 iz 36 365 635 405
70 61 64.5 65 685 65 495 48 795 7 64 385 61 32 43
&7 62.5 54.5 ¥3.5 Fil 66 67 595 66 69 70 55 665 435 525
68 67.5 48 63.5 (3] 645 69 65 45 ¥2.5 (313 715 615 65 57
1] 64.5 53.5 (13 715 63 Fil 575 [ R 58.5 (1] a7 455 54 475
53.5 53 &7 605 685 74 (=] E7.5 .|
3] 64.5 63.5 [ 67 &2 56 71.5 .|
. 66.5 73 2 65 72 73.5 64.5 66 .|
&5 63 53.5 60.5 3 605 63.5 49.5 67.5 67.5 63 67.5 .|
68.5 &5 14.5 53.5 65.5 69.5 67.5 50.5 50 iz 60.5 &7 13.5 65.5 A
725 65.5 67.5 55 Fil 65 73 595 35 67.5 76.5 E05 65 56
65 62 &5 59 58 Fill B85 615 62 7E &9 435 63 0.5 665
605 53 67.5 64 &7 51.5 675 62 495 63.5 615 36 54 595 525
67.5 &0 &5 64 &0 60 59 585 485 Kl 69.5 525 535 BES 63
65.5 61 ¥2.5 49 60 ¥1.5 625 43 345 4 (i) 36 60 615 55.5
64 ¥0.5 1.5 59 53 B05 605 56 63 50 68.5 525 59 B05
65 69 Kl 63 Fil 645 565 525 54 67.5 3.5 565 535 4.5
62 66.5 63.5 66.5 65 1] 55 (13 64.5 40 645 655 48
ELS [ 1.5 EE.5 54.5 62 .| 575 515 68.5 55 28 50 525
63.5 &7 Fi &2 53 2.5 . 45 47 70 6.5 14.5 5.5 62 A
58 58.5 70.5 53 58.5 665 . 58 65 68.5 73 46 62 64 .|

Example of transects 2, 3, 4 in the excel spreadsheet with the outliers removed shown

as ared cell.
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Appendix C — R-studio code

27 library(ggplot2)
28 library(ggrepel)
29 Tlibrary(tidyverse)

32 head(TranUpdate)

33 head(Tnew)

34 View(Tnew)

35 theme_set(theme_bw())

37 #Transect 1

38 TranUpdateError%=%

39 ggplot(aes (x=Distancel, y=Tlavg, label=Tlavg)) +

40 geom_errorbar (aes (ymin=Tlavg-sdl,ymax=Tlavg+sdl) ,width=20, colour = "[@E") +
11 geom_Tlabel_repel(nudge_x = -35,

42 nudge_y = 6) +

43 geom_Tine(color="[HA", size=1) +

44 geom_point(size = 4, colour = "[A",fi11 = "BME" ,shape = 21) +

45 x1im(500,1200) + y1im(50,75) +

48 xlab("Distance(m)") + ylab("R-value'") +
49 ggtitle("Transect 1 - Site Averages',
50 subtitle = "p-value - 0.96") +
51 theme_bw() +

52 theme(plot.title = element_text(hjust = 0.5, size = 17),

53 axis.title = element_text(size = 12),

54 plot.subtitle = element_textChjust = 0.5)) +
55 Tabs(tag = "")

56

57 #Correlation - Transect 1

58

59 cor.test(TranUpdateErroriDistancel,TranUpdateErroriTlavg) #P,value of 0.96 - i.e =0.05

Example of code for transect one to create the scatter graph and the correlation test
applied to calculate the p-value
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