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When measuring weathering intensity of paleosols there are 
various methods and ratios that can be used. This study 
examines several weathering indicators too see which are best 
applied and most effective on loess and paleosols from Yukon, 
Canada. This region today is considered sub-arctic, but during 
past time this area and its soils has been characterized by 
glaciations and interglaciations. These changes are the origin of 
the unweathered Kluane loess and the weathered Slims Soil 
that are analyzed in the study. Methods used to determine the 
most sensitive weathering indicator was; CIA (the Chemical 
Index of Alteration), CPA (the Chemical Proxy of Alteration), 
oxide ratios ((CaO + Na2O + MgO)/TiO2 and (CaO + Na2O + 
K2O)/TiO2), and elemental ratios (Rb/Sr, Ba/Sr, Ti/Sr). The 
results from the CIA and oxide ratios show that calcium is the 
varying factor, and thereby a good weathering indicator for 
these samples. The elemental ratios showed a great variation 
between weathered and unweathered samples, and a clear 
decrease strontium is apparent. These ratios would also be 
useful indicators, but since Sr is associated with Ca, it is 
probably calcium that is the main feature. The methods without 
calcium as a factor did not give any clear separation between 
Kluane loess and Slims Soil. Thereby it is concluded that proxys 
containing Ca are the most useful indicators of weathering in 
this area. 
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Sammanfattning 
När man mäter vittringsintensitet in paleosols så finns det många olika metoder och 
ratios som man kan använda. Denna studie undersöker flera olika vittringsindikatorer för 
att se vilka som är bäst anpassade och effektiva på löss och paleosols från Yukon, 
Kanada. Idag klassas denna region som sub-arktisk, men området och dess jordar är 
karaktäriserade av dåtida glacialer och interglacialer. Dessa förändringar är ursprunget 
för det ovittrade Kluane loess och den vittrade Slims Soil, vilka analyseras i studien. De 
metoder som har använts för att hitta den mest känsliga vittringsindikatorn var; CIA (the 
Chemical Index of Alteration), CPA (the Chemical Proxy of Alteration), förhållande 
mellan oxider samt ämnen((CaO + Na2O + MgO)/TiO2 and (CaO + Na2O + K2O)/TiO2, 
Rb/Sr, Ba/Sr, Ti/Sr). Resultaten från CIA och oxid-förhållandena visar att kalcium är den 
varierande faktorn, och därmed en bra vittringsindikator för dessa prover. Förhållandena 
mellan olika ämnen visade på stor variation mellan vittrat och ovittrat material, och det 
syntes en tydlig minskning av strontium. Desa förhållanden skulle också kunna vara 
användbara indikatorer, men eftersom Sr är associerat med Ca, så är det antagligen 
kalcium som är det huvudsakliga kännetecknet. Metoderna som inte hade med Ca som 
en faktor visade inte någon tydlig skillnad mellan Kluane loess och Slims Soil. Därav 
dras slutsatsen att indikatorer innehållandes Ca är de mest användbara 
vittringsindikatorerna i det här området. 
 

Abstract 
When measuring weathering intensity of paleosols there are various methods and ratios 
that can be used. This study examines several weathering indicators too see which are 
best applied and most effective on loess and paleosols from Yukon, Canada. This region 
today is considered sub-arctic, but during past time this area and its soils has been 
characterized by glaciations and interglaciations. These changes are the origin of the 
unweathered Kluane loess and the weathered Slims Soil that are analyzed in the study. 
Methods used to determine the most sensitive weathering indicator was; CIA (the 
Chemical Index of Alteration), CPA (the Chemical Proxy of Alteration), oxide ratios 
((CaO + Na2O + MgO)/TiO2 and (CaO + Na2O + K2O)/TiO2), and elemental ratios 
(Rb/Sr, Ba/Sr, Ti/Sr). The results from the CIA and oxide ratios show that calcium is the 
varying factor, and thereby a good weathering indicator for these samples. The 
elemental ratios showed a great variation between weathered and unweathered 
samples, and a clear decrease strontium is apparent. These ratios would also be useful 
indicators, but since Sr is associated with Ca, it is probably calcium that is the main 
feature. The methods without calcium as a factor did not give any clear separation 
between Kluane loess and Slims Soil. Thereby it is concluded that proxys containing Ca 
are the most useful indicators of weathering in this area. 
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1. Introduction 

Loess are very abundant and can be found in many places around the world, all from the 
great Loess Plateau in China to large areas in Alaska. Loess-paleosol sequences 
contain some of the most comprehensive and continuous environmental records from 
the Late Quaternary, and such sequences have been used widely for reconstruction of 
past climates (paleoclimate), terrestrial paleo-environments, and to construct glacial 
cycle chronology (Grimley et.al., 2003). Paleoenvironmental studies that use the degree 
of weathering and development of paleosols on loess have been carried in many 
different places in mid-latitude Asia, Europe and North America, but the chemical 
weathering and development of soils on loess has not been studied as broadly in higher 
latitude regions (Muhs et.al, 2008).     

Loess is deposited during glacial times when the climate is arid and cold 
(French, 2007). The material often originates either from desertic regions (example: 
central Asia) or from outwash surfaces and braided rivers close to glacial margins 
(French, 2007). Due to strong high pressure systems over the former continental ice 
sheets, and katabatic winds blowing from these ice sheets, the deposition of loess was 
widespread at high latitudes during past glacial periods. Since wind entrainment of fine-
grained particles requires relatively dry soil conditions, the arid and cold environments of 
the glaciated north were ideal settings for loess deposition. Another contributing factor 
was the presence of vast glacial outwash plains, braided channels and unvegetated 
areas that formed the periglacial environment (French, 2007). 

  Loess sections often contain paleosols, which are former soil horizons that 
developed during a relatively warmer and wetter climate. Many paleosols were formed 
during interglacials/interstadials when the climate warmed, and the melting of glaciers 
provided large amounts of water and sediment in the landscape, allowing extensive 
mineral weathering of the glacial parent material, and creating oxidized and chemically 
altered soil horizons (Buggle et al., 2011). The relative importance of chemical (relative 
to physical) weathering increases under more humid conditions, which tends to result in 
leaching of alkali elements (Na, K) and Ca from soils, and the concentration of Al and Si 
in the weathered residue (Goldberg and Humayun, 2010). Geochemically and 
mineralogically varied loess and paleosol horizons therefore reflect past land-surface 
conditions and climate changes during the formation and altering of these horizons. 

   Paleoclimatic reconstructions in loess areas usually involve studying and 
comparing paleosols with modern soils from the same area (Muhs et.al., 2008). Since 
soils are closely related to their parent material it is possible to compare changes in 
mineralogy, grain size, major and minor element geochemistry, isotopes, etc. between 
the different (weathered and unweathered) soil/paleosol layers, and thereby be able to 
infer what kind of climate and biota that could have been responsible for the observed 
paleosol characteristics. Since chemical weathering of soil leads to removal and 
depletion of soluble minerals (by hydrolysis, oxidation, hydration, dissolution, etc.) or 
formation of secondary clay minerals and/or hydrous oxides (Birkeland, 1999; Retallack, 
2001), a common method to infer weathering intensity is to calculate abundance ratios 
of relatively mobile and soluble elements (e.g., Na, Ca, Mg, Si) against immobile and 
insoluble ones (such as Ti or Zr). Low ratios of mobile to immobile elements in modern 
soils and in interstadial and interglacial paleosols, for example, indicate significant 
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chemical weathering (Muhs et.al, 2008). Other common indicators of weathering 
intensity are the soil's magnetic susceptibility, the amounts of secondary clay minerals 
and oxides, the ratios of certain rare earth elements (REE), and the Chemical Index of 
Alteration (CIA; defined later in this work) (Yang et al., 2006). These proxy indicators are 
mostly influenced by three factors; the degree of chemical weathering in the source 
region of loess, post-depositional weathering, and grain size distribution (Yang et al., 
2006).  

In high latitude regions with cold climates, such as in the Yukon (the focus 
of the present study), temperature is a major limiting factor for the chemical weathering 
of soils (Muhs et al, 2008). For example, Sanborn et al. (2010) examined geochemical 
data on soils from the southern Yukon, and suggested that loess and paleosols in this 
region show very limited chemical weathering. Muhs et al. (2008) point out that although 
temperature limits weathering very close to glaciers, more distal areas, where loess and 
outwash materials are formed or deposited, have relatively higher temperatures and are 
consequently more favorable for chemical weathering. Furthermore they argue that 
while weathering may be small due to low temperatures, the loess will still be more 
reactive to chemical weathering than its source rock due to its larger particle surface 
area, since it is formed by glacial grinding of parent material. On similar grounds, French 
(2007) argues that chemical weathering processes in cold climates may be just as 
effective, if not more so, than in non-periglacial environments. 

   Studying the weathering intensity of loess-paleosol horizons, and how 
these have been altered by various environmental processes not only provides insights 
to past climates and conditions that existed when the soils were developed, but can also 
give information about what is happening and is going to happen with our present day 
soils as a result of ongoing changes in the present climate. This is especially interesting 
in colder climate areas which presently experience permafrost conditions and annually 
freezing-thawing of the ground, since weathering intensity can be expected to increase 
greatly when temperatures rise, providing moister conditions favorable for chemical 
weathering.     

2. Study objective  
The focus of this work is the analysis of sedimentological, mineralogical and 
geochemical data from loess and paleosols sampled at different sites in southwestern 
Yukon region of Canada, close to the St. Elias Mountains. This study makes use of data 
collected from a previous investigation by Zdanowicz et al. (2006), which focused on 
identifying the origin of mineral dust found in snow on glaciers of the St. Elias Mountains. 
Their study had an entirely different purpose than the present one, and the data were 
not obtained specifically to analyze weathering indicators. Because of this, the 
possibilities of interpretation of these data are limited, but they can still provide useful 
indications on past weathering conditions of loess in the study area.  

For this study, I have chosen to analyze two unaltered loess horizons 
(Kluane Loess and Neoglacial Loess), and one altered loess/paleosol horizon (Slims 
Soil) in the Kluane Lake region, which had been sampled by Zdanowicz et al. (2006), in 
order to determine the weathering intensity during the depositional/soil development 
climate. The study will try to determine which among different methods used to analyze 
weathering intensity is the most sensitive to the degree of weathering of loess and 
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paleosols in this part of the Yukon. The available data from the samples can be 
analyzed for many different aspects, but this study will focus mainly on geochemical 
analyses (especially major oxides and trace elements), and on the grain size distribution 
in the soils. The main goals of the study can be summarized as follows; 

1) To compare different geochemical indicators of weathering in unaltered loess and 
altered loess (paleosol) to determine which indictors are the most sensitive or 
effective to determine the degree of weathering in these materials. 

2) To compare the findings and results with other published studies on weathered 
loess, in order to draw some general implications about the climate and 
environmental conditions that existed when the paleosols developed. 

This study will use major oxide and trace element data as well as mineralogical and 
grain size distribution data obtained from the study by Zdanowicz et al. (2006). In total I 
will analyze 24 samples, which hopefully will provide the information needed to answer 
the major questions of the study. A complete descriptive table of the available samples 
and the analyses performed on them can be found in the Appendix.  

3. Description of the study area 

3.1 Physiography and geology 

The loess/soil profiles examined in this study are situated in the Yukon Territory, 
northwestern Canada. More specifically, they are found on the continental (eastern) 
fringe of the St. Elias Mountains. This mountain range is part of the so-called Insular 
morphogeologic belt (Yukon Ecoregion Working Group, 2004), which has a varied 
geology composed of different terranes separated by faults (Fig.1). The two main 
terranes in the area are the Alexander terrane, the main lithologies of which consist in 
metamorphosed clastic carbonate and mafic rocks, and the Wrangellia terrane, which is 
mostly composed of weakly metamorphosed volcanic and sedimentary rocks. The area 
also contains sedimentary rocks from the Chugach terrane, granitic plutons which 
intruded in the different terranes, as well as the Wrangell flood basalts and andesitic 
lavas (Yukon Ecoregion Working Group, 2004). The Alexander and Wrangellia terranes 
are both former island arcs made up of ocean floor volcanic rocks which were later 
overlain by oceanic sediments, creating thick limestone complexes (Roots and Hart, 
2004).   

Since the loess in the area has a glacial origin it is difficult to determine the 
specific composition of the parent rocks. Successive glaciations have grinded and 
eroded the bedrock so extensively that the loess could contain mixed materials from 
many different parent lithologies. Most of the loess parent material probably has its 
origin in the Alexander and Wrangellia terranes which underlie the St. Elias Mountains, , 
but local glaciers may also have eroded other rocks units in the Kluane Schist and 
Yukon-Tanana terranes, providing different mineralogical mixtures. The loess and soil 
horizons in the southwestern Yukon have been exposed to many different forces and 
weathering effects due to the changing climate conditions during past glacial-interglacial 
cycles. These changes between cold/dry and relatively warmer/more humid climates 
have given the soil horizons different textural and compositional characteristics.  
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Fig.1 Map of major tectonic terranes in the southwestern Yukon, near the St. Elias Mountains. 
(Yukon Geological Survey, 2011; used with permission). 

3.2 Present –day climate 

The Yukon Territory lies in northwestern Canada, and borders Alaska to the west, British 
Columbia to the south, the Northwest Territories in the east, and the Beaufort Sea to the 
north. According to Köppen’s classification the Yukon has a predominantly subarctic 
continental climate (Dfc; Retallack, 2001) but precipitation and temperature vary across 
the whole territory depending on latitude and topography (Wahl, 2004). In the north, air 
temperatures have an annual mean value of -10°C, while in the south the mean lies 
closer to -2°C, indicating a large latitudinal temperature range. The temperatures also 
have a large seasonal range, and can vary from a winter minimum of -62,8°C to a 
summer maximum of 32,1°C. It is said that the seasonal temperature variations in the 
Yukon is the most extreme in the whole of Canada (Wahl, 2004). The precipitation rate 
also varies strongly: measurements show that along the northern coastal areas the 
annual precipitation is around 2000-3500 mm, while in the southern valleys and low 
elevation areas it is around 250-300 mm. The precipitation around the mountains varies 
greatly depending of elevation and slope aspect.  

The St. Elias Mountains landscape, from where the samples in this study 
were gathered, has been and is one the most geologically dynamic regions in the Yukon 
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(Yukon Ecoregions Working Group, 2004). This is due not only to the past glacial 
history, which will be discussed later on, but also to how the mountain range affects both 
the precipitation and temperatures in the area. The mountains act as an orographic 
barrier between the coastal humid climate of Alaska and the more arid inland climate of 
the southern Yukon. The southern and western parts of the St. Elias Mountains, which 
are not affected by the rain shadow, receive around 1000 mm of precipitation annually 
(Yukon Ecoregion Working Group, 2004). In contrast, the northern and eastern parts of 
the mountains, bordering the Yukon interior, have very low precipitation rates, 300-400 
mm annually, of which most falls as snow, providing mass to the many glaciers on the 
mountains. Temperatures across the St. Elias Mountains are vary greatly with altitude 
and season. In the summer the temperature decreases with rising elevation by 5-8 °C 
for every 1000 m. During winter the temperatures can be extremely cold, with cold Artic 
air pushing in into the region and strong surface radiative cooling, giving the northern 
valley floors temperatures around -30 to -60 °C (Wahl, 2004; Yukon Ecoregion Working 
Group, 2004). 

Kluane Lake lies in the Shakwak Trench depression on the lee-side of the 
St. Elias Mountains, which marks a border between the mountains and the lower 
plateaus in the northeast. This region lies in rain-shadow of the St. Elias Mountains and 
receives limited amounts of precipitation, which gives the area around Kluane Lake a 
semi-arid climate, which in turn affects the soil development (Laxton et al., 1996). The 
dominant soil types in the area are alkaline melanic and eutric brunisoils (Sanborn, 
2010), and some of the most prominent surficial soil-like materials are the Slims Soil and 
Kluane Loess, which will be discussed further below.  

Vast icefields in the St. Elias Mountains flow in many directions, feeding a 
large network of valley glaciers. Toward the northwest of the study area the Kluane, 
Kaskawulsh and Donjek glaciers are drained by large braided rivers which deliver great 
amounts of outwash sediments (Yukon Ecoregion Working Group, 2004). Glaciers have 
existed in this region for a long time, probably since the Late Tertiary, profoundly 
affecting the landscape by weathering and erosion during successive periods of growth 
and retreat (Yukon Ecoregion Working Group, 2004). Today, strong katabatic winds 
blowing down over these glaciers are the means of transportation for loess found in the 
study area (Laxton et al., 1996). 

3.3 Late Pleistocene and Holocene glacial history 

The southern Yukon and the St. Elias Mountains have experienced many successive 
glaciations and interglaciations, something that is very visible in the geomorphology of 
the current landscape. This section summarizes the Late Pleistocence and Holocene 
glacial events and their effects on the landscape of the study area. 

In an early study, Denton and Stuvier (1966, 1967) examined sediments 
from the Kluane Lake area and used radiocarbon dating to define the approximate ages 
of the most recent glaciations and drift deposition events in the area. Their study has the 
Shakwak glaciation and the Silver Non-glacial Interval as the earliest dated events, 
followed by the Icefield glaciation that started 49 000 yr BP and ended ca 37 700 yr BP. 
This glaciation was followed by the Boutellier non-glacial interval which ended ca 30 100 
yr BP (Denton and Stuvier, 1966, 1967). The events that followed after led to the 
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formation of the loess deposits and weathering of the soils that are going to be analyzed 
in this study. 

The Kluane glaciation, a late Wisconsin event, started ca 30 100 yr BP 
when the Kaskawulsh glacier grew and extended northward down into the Shakwak 
Trench (Borns and Goldthwait, 1966). The glaciation continued until ~12 500 yr ago, and 
after some fluctuations, the Slims non-glacial interval began. The withdrawal of the 
glacier left widespread sheets of outwash material and many different glacial drift 
deposits such as till, end moraines, alluvial fans, etc. The strong winds blowing down 
over the glacier down into the Shakwak Trench entrained and deposited large amounts 
of loess derived from the outwash and drift materials, and covering many of the other 
glacial deposits (Borns and Goldthwait, 1966). This loess unit got its name from the 
glaciation that had formed it, Kluane Loess. Deposition of the Kluane Loess continued 
for several millennia, creating layers varying in thickness between 35 and100 cm 
(Denton and Stuvier, 1966; Denton and Stuvier, 1967). The gradual retreat of the valley 
glaciers eventually caused many outwash fans to become inactive, allowing vegetation 
to spread over these deposits and decreasing the amount of silt available to wind 
erosion, which lead to the end of the Kluane Loess deposition (Denton and Stuvier, 
1966; Denton and Stuvier, 1967). These milder conditions also permitted weathering of 
the uppermost part of the Kluane Loess to take place, creating a distinct soil horizon, 
named the Slims Soil (Fig. 2 and 3). 

Unlike the Kluane Loess, which is a silt/clay-sized, grey-colored, wind-
deposited sediment, the Slims Soil has been altered by chemical weathering, so many of 
its properties differs a lot from its parent material, the Kluane Loess. The Slims Soil has 
a typical reddish color indicating the presence of oxidized materials, and grades 
downward into a buff color closer to that of the unweathered parent loess (Borns and 
Goldthwait, 1966).  

Above the Slims Soil lies the younger Neoglacial Loess which is almost 
mineralogically identical to the Kluane Loess. A distinctive white rhyolitic volcanic ash 
layer, the White River East Lobe tephra, dated ca 1150 yr BP (Lerbekmo, 2008), lies 
near the contact between the Slims Soil and the Neoglacial Loess and acts as a marker 
constraining the onset of formation of Neoglacial sedimentation in the area (Fig.4). The 
Neoglacial Loess is thought to have mostly formed after 2640 yr BP, when the 
Kaskawulsh glacier in St. Elias Mountains started to grow again and extend down into 
the Slims River valley (Laxton et al., 1996). This event resulted in many Neoglacial drift 
deposits such as end moraines, outwash sediment, and loess (Borns and Goldthwait, 
1966). It also instigated a new period of renewed loess deposition over the area. 
Sanborn and Jull (2010) argued that the swift progradation and sediment input of the 
Slims River delta (starting around 1700 AD) enhanced loess deposition in the study area 
due to a closer and greater source of fine grained material which could easily be 
transported by the wind. This process continues in the present day, and valleys on the 
eastern side of the St. Elias Mountains and other parts of the southern Yukon still 
experience dust storms which deposit eolian sediments over large areas of the 
landscape. 
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Fig. 2 Soil section on Cultus Bay Road at the southeast end of Kluane Lake, showing the Slims 
Soil, Kluane Loess, and underlying glaciofluvial debris. Photo by C. Zdanowicz. 
 

 

 
 
Fig. 3 Soil section northwest of the Slims River delta near the outlet into Kluane Lake, showing 
Kluane Loess, Slims Soil, Neoglacial Loess and the White River ash layer. Photo by C. 
Zdanowicz. 
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4. Methods 
The samples of loess and soil used in this study were collected as part of the 
investigation by Zdanowicz et al. (2006) into sources of dust deposition on glaciers. The 
information about sampling sites and analytical methods therefore come from this 
investigation and from related laboratory reports.  

4.1 Sample collection 

The loess and soil samples were collected during the summer of 2001 from 9 different 
sites around Kluane Lake, along the Alaska Highway (Fig. 4). In most cases the samples 
were collected on exposed sections cut by rivers and creeks in the area or on roadside 
sections along the highway. The samples included the different horizons typically 
observed in the ground, from bottom to top: Kluane Loess (unweathered), Slims Soil 
(weathered paleosol), above it (with the White River ash layer separating the horizons) 
the younger Neoglacial Loess (relatively unweathered) and at some sites modern loess 
or alluvial loess deposited on top of outwash sediments (see Fig. 2-3). Table 10 in the 
Appendix gives the coordinates where each of the samples were collected. 
 

 
Fig. 4 Location map showing the loess and paleosol sampling sites (red dots) around Kluane 
Lake. Map created with the Toporama online service of the National Atlas of Canada.  
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4.2 Analytical protocol 

The samples underwent different types of analyses (Fig. 5). Full details are given in 
Zdanowicz et al. (2006) and only a summary is given here. The sediment grain size 
distribution was first determined by the laser light scattering (LLS) method. The samples 
then underwent size separation by the gravimetric method using a settling column. The 
settling column separated the samples into two fractions: silt (>5 µm) and clay (<5 µm). 
The separation does not correspond to the formal definition of the clay-silt split (at 2 
µm), but the terms "silt fraction" and "clay fraction" are used here for convenience.  

The clay samples were then divided into two parts. In on part ("treated") the 
organic matter, carbonates, water-soluble salts, and Fe-, Mn-, Si-cements were removed 
using acids. These treated clay-sized samples were then glycol-saturated and analyzed 
by semi-quantitative X-Ray Diffraction (XRD) to define the mineralogical composition. 
The corresponding untreated clay-sized samples were analyzed by XRD in the same 
way (Percival, 2004). 

Results of the XRD analyses were used to provide a general description of 
the fine-fraction mineralogy of the loessal soils in the study area. In total 7 samples of 
the clay-sized fraction of different materials were used: modern alluvial silt, modern 
loess, Neoglacial Loess and Kluane Loess. These are all unweathered loess or loess-
like samples, but deposited during different times or under different settings. 
Unfortunately there were no XRD data available for the Slims Soil, and it was therefore 
impossible to compare the mineralogy of the weathered and unweathered loess, but it 
will be able to give a picture of the composition of the unoxidized samples, and by that 
hopefully give some information about the deposition environment. 

In addition to XRD analysis, both the silt–sized fractions of the samples, and 
some of the untreated clay-sized fraction samples, underwent acid digestion using an 
HF+ Aqua Regia mixture, and were analyzed by X-Ray Fluorescence (XRF) and by 
Inductively-Coupled Plasma Mass or Atomic Emission Spectrometry (ICP-MS/AES). The 
XRF analyses provided data of the major element composition (expressed as oxides), 
while the ICP-MS/AES analyses also provided data on minor and trace elements. For 
major elements, the XRF data are usually considered more accurate, while the ICP-
MS/AES methods are more useful for minor and trace elements. The XRF dataset only 
contained usable results for 9 samples in this study, and all of them were from the 
Kluane Loess. The ICP-MS/AES data were therefore used to complement the missing 
XRF data, wherever possible. To do this, the ICP-MS/AES data for major elements had 
to be recalculated as oxides. The comparability between the XRF and ICP-MS/AES 
results was evaluated by plotting these data together to see if they had a somewhat 
linear relationship (see Results). 
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Fig.5 Analytical flow chart showing methods and procedures used to analyze the Yukon loess 
and paleosol samples. Diagram by C. Zdanowicz. 

4.3 Weathering indicators 

There are many different indicators one can use to measure the degree of weathering of 
a sediment or soil sample, some based on granulometry, others on geochemistry. The 
indicators used in this study are presented below.  
 
Granulometry 
Weathering tends to breaks down larger mineral particles to smaller ones, and to create 
secondary clay-size minerals by different chemical transformations. The samples 
investigated in this study were mostly composed of silt- and clay-sized particles, so a 
possibly useful indicator of the degree of weathering in these samples is the volumetric 
percentage of the clay-sized particles (< 2 µm). 

The silt+clay granulometry in the samples were determined by LLS, giving 
three separate results; particle volume, number and surface area distribution. In this 
study only the particle volume distribution was used. Graphs were first plotted to 
examine the type of particle size distribution in the samples, and estimate the mean 
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particle size (equivalent spherical diameter) in the different loess and soil horizons. The 
particle size intervals are log-normally distributed in the graphs since there are much 
larger amounts of fine-sized particles than coarser-sized ones. The volumetric ratio of 
clay-sized particles (<2 µm) to larger particles (silt-sized; >2 µm) in the samples were 
also calculated. 
 
Major and minor element geochemistry 
Several major oxide ratios were used to provide indications of the amount of weathering 
in the different samples. The oxides used were: Al2O3, CaO, K2O, Na2O, Fe2O3, FeO, 
TiO2 and MgO. Ratios of these oxide are commonly used in pedology, and have been 
used in many studies concerning the weathering of loess, which is why they were 
selected for this study (e.g., Price and Velbel, 2003; Yang et al., 2006; Bahlburg, 2009; 
Goldberg and Humayun, 2010).  

The Chemical Index of Alteration (CIA) is another well-used proxy method 
for determining the degree of weathering. It was first introduced by Nesbitt and Young 
(1982) and has been used in many different studies of paleoclimates from soils 
(Bahlburg, 2009; Goldberg and Humayun, 2010; Price and Velbel, 2003). The formula 
for calculating the CIA is as follows: 
 
                                 CIA= (Al2O3 / Al2O3 + Na2O + K2O + CaO) * 100 
 
where the major oxide ratios are those for decarbonated (carbonate-free) sediment 
residues. The use of the CIA is based on the fact that chemical weathering leads to 
degradation of silicates (particularly feldspars) in rocks and sediments and the formation 
of secondary clay minerals, which modifies major element ratios in the weathered 
material (Goldberg and Humayun, 2010). The CIA measures weathering intensity on a 
scale from 1 to 100, where a higher value represents more intense chemical weathering 
of the material. As an example; kaolinite clay should have a CIA of 100, (highest grade 
of weathering) while fresh basalts should have a value around 30 (Table 1; Bahlburg, 
2009).  

 

Rock/Clay CIA-value 

Kaolinite ~100 

Illite ~75-90 

Muscovite ~75 

Feldspar ~50 

Fresh Granite/Granodiorite ~45-55 

Fresh Basalt ~30-45 

 
Table 1. Approximate range of values of the Chemical Index of Alteration (CIA) in various rocks 
and clay minerals (after Bahlburg, 2009; Dhannoun et al., 2010). 
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In the definition of the CIA by Nesbitt and Young (1982), the CaO refers to 
the Ca that is found in silicates only (for example, in plagioclase feldspars) and does not 
include the Ca in carbonates or salts. However, the samples that were analyzed for 
geochemistry in this study were not decarbonated beforehand. The calculated CIA 
values were therefore corrected approximately by using information from a study by 
Sanborn & Jull (2010). These authors analyzed Kluane Loess and Slims Soil samples 
from the same area where the samples used in this study were obtained. Sanborn and 
Jull (2010) measured the percentage of inorganic carbon in these samples. In the 
unweathered Kluane Loess they found approximately 1,5% weight of inorganic carbon, 
and in the Slims Soil ~0%. The inorganic carbon in the Kluane Loess is probably in the 
form of carbonates, which are the easiest minerals to dissolve during weathering. If one 
assume that all the inorganic carbon is CaCO3, then 1,5% of inorganic carbon is equal to 
12,5% weight of CaCO3, and this is then equal to 7% of CaO. Therefore, 7% was 
subtracted from the CaO data of the Kluane Loess samples before calculating the CIA 
values. Since the inorganic carbon in the Slims Soil was ~0%, one can assume that 
there is almost no CaCO3 in the Slims Soil, and the CaO data from these samples 
therefore don’t need any corrections.  

Another weathering index, the Chemical Proxy of Alteration (CPA; Cullers, 
2000) was used as a complement to the CIA since it is insensitive to bias effects caused 
by CaO from minerals other than silicates. The CPA is calculated as follows: 

 
                 CPA = (Al2O3/(Al2O3 + Na2O)) * 100 
 
According to Buggle et al. (2011), the may be the most appropriate 

geochemical proxy for silicate weathering in loess-paleosol sequences. Like the CIA, the  
CPA has values in a range of 1 to100, where a higher value indicates more intense 
weathering.  

A large variety of other major oxide ratios have been proposed to measure 
weathering in different studies. Which one of these ratios is the most sensitive to 
weathering is still debated. For example, Yang et al. (2006) argue that the ratio (CaO + 
Na2O + MgO)/TiO2 of decarbonated sediment residues may be the best proxy for 
chemical weathering intensity of loess deposits. In this study, the CIA and other oxide 
ratios were calculated and plotted against each other in several diagrams to determine 
which one(s) was or were the most “effective” indicator(s) of weathering for the loess 
and soil samples, and to evaluate their degree of weathering. Different ratios were tried, 
and many were discarded as not sensitive to weathering 

Because the XRF data were incomplete, major element data obtained by 
ICP-MS/AES had to be recalculated as oxides in some samples. The formula used for 
converting elemental concentrations to oxides is the following: [Element] / (molar mass 
ratio in oxide) = [Element as oxide]. The mass ratios in oxides were calculated from the 
atomic masses, for example, Ca/CaO: 40,08/(40,08+16)=0,71.  
The ratios between elements found in weathering- resistant minerals and those in easily-
weathered or soluble minerals are another common method to measure weathering 
intensity in soils. In this study three such ratios, Rb/Sr and Ba/Sr and Ti/Sr, were used to 
see if they would be effective for the loess and paleosols in the study area. 

Rubidium (Rb) and barium (Ba) are elements that are associated with K-
feldspars, which are relatively resistant to weathering, while strontium (Sr) is abundant in 
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the more easily weathered plagioclase (Ca-Na) feldspars and carbonates where it tends 
to substitute for Ca due to their similar chemical behavior (Chen et al., 2001). Titanium 
(Ti) is often present in sediments as oxides that are very weathering resistant (e.g. rutile, 
TiO2), and is therefore far less mobile than Sr during chemical weathering (Chen et al., 
2001). 

In total, 18 samples of clay-sized material analyzed by the ICP-MS/AES 
method, as well as 9 and 10 samples of the clay- and silt-sized material (respectively) 
analyzed by XRF were studied in this way, and the differences between the weathered 
and unweathered loess samples were examined with respect to the particle size 
fractions (silt vs. clay), as well as different soil horizons.  

When presenting results, the mean geochemical composition of the Upper 
Continental Crust (UCC) is also reported as a reference, since loess composition often 
resembles that of the UCC. The UCC compositional data used were those established 
by Rudnick and Fountain (1995) and are provided in Table 2.  
 
 

Oxide Weight % 

  SiO2  66 

TiO2  0,5 

AI2O3  15,2 

FeOT  4,5 

MnO  0,08 

MgO  2,2 

CaO  4,2 

Na2O  3,9 

K2O  3,4 

P2O5  0,4 
 
Table 2. Major oxide composition of the Upper Continental Crust (UCC), after Rudnick & 
Fountain, 1995. 

5. Results 
Under this heading the study’s results will now be presented in the same order as in the 
chapter Method. The results will further be analyzed and covered in the chapter 
Discussion. 
 

5.1 Granulometry 
Results from the granulometric analyses are summarized in Table 3, while Fig. 6 
provides a representative example of the particle volume size distribution in one of the 

Kluane Loess samples. The mean particle size varies between 26.16 and 57.06 m, and 

averages 36.47 m. The Kluane Loess and Slims Soil have a comparable range of 

mean particle size (~26 to 40 m) and of volumetric clay content (< 1 to ~15 %). By 
comparison, the alluvial sediments from the Slims River, the modern loess and the 
Neoglacial apparently have a very low clay-sized particle content (< 5 %), although the 
limited number of samples makes these comparisons tentative only.  
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Sample Material 
Mean particle 

size (µm) 
Clay:Silt 

ratio (vol.) 

SR-1 Slims Rr alluvial 47,98 0 

SR-3 Slims Rr alluvial 47,98 0 

SR-4 Slims Rr alluvial 22,00 0,37 

SR-2 Modern loess 37,00 0 

SR-6 Neoglacial Loess 33,93 0 

SR-9 Neoglacial Loess 33,93 0 

CB-3 Neoglacial Loess 57,06 0,40 

DJ-2 Neoglacial Loess 44,00 0 

SR-8 Kluane Loess 33,93 4,08 

SR-11 Kluane Loess 33,93 0,86 

SC-2 Kluane Loess 40,35 0,12 

DR-2 Kluane Loess 40,35 4,00 

CJC-2  Kluane Loess 40,35 2,02 

NC-2 Kluane Loess 31,11 0,17 

XC-2 Kluane Loess 40,35 8,75 

CB-2 Kluane Loess 33,93 2,44 

KR-2  Kluane Loess 28,53 13,73 

SR-7 Slims Soil 33,93 4,10 

SR-10 Slims Soil 33,93 4,13 

SC-1 Slims Soil 40,35 3,99 

DR-1 Slims Soil 33,93 3,96 

CJC-1 Slims Soil 28,53 2,36 

NC-1 Slims Soil 26,16 0,12 

XC-1 Slims Soil 37,00 15,14 

CB-1 Slims Soil 31,11 2,62 

 
Table 3. Mean particle size and estimated volumetric percentage of the clay-size fraction in the 
various loess and paleosol samples analyzed in this study. 
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Fig.6 Typical particle size (volume) distribution of a loess sample of obtained by laser light 
scattering analysis. The mean particle size is 40,35 µm, typical of Kluane Loess samples.  

5.2 Mineralogy 

Generally, the clay mineralogy of the different loess and alluvial samples is quite similar 
(Table 4 and Fig. 7), but with variable amounts of certain minerals. There is abundant 
illite, chlorite and calcite in most samples. Quartz and plagioclase feldspar are also 
present, as well as minor or trace amounts of K-feldspar, amphibole, smectite and 
mixed-layer clays such as chlorite-smectite (Percival, 2004).  
 

Sample (Type)  Qtz Pl Kfs Amp Ill Chl Sm ML Cal 

KR2 (Kluane Loess) 12 13 tr tr 18 26  m 31 

DR2 (Kluane Loess) 21 22 tr  24 33 m m  

CJC2 (Kluane Loess) 8 14 tr tr 14 20  m 44 

SR3 (Slims Rr alluvial) 12 14 tr tr 24 23 tr tr 27 

SR4 (Slims Rr alluvial) 12 12 tr tr 25 26  tr 25 

SR6 (Neogl. Loess) 15 15 tr  29 18  tr 23 

SR8 (Kluane Loess) 13 11 tr  24 14  tr 38 

    Qtz = Quartz; Pl = Plagioclase Feldspar; Kfs = K-Feldspar; Amp = Amphibole, Ill = Illite;  
    Chl =Chlorite; Sm = Smectite; ML = Mixed-layer clays; Cal = Calcite; tr=trace; m=minor. 

 
Table 4. Semi-quantitative mineralogical composition (% of abundance) of the clay-size fraction 
of different, representative loess, soil and sediment samples from the study area, determined by 
X-Ray Diffraction (XRD) after heating and glycol saturation treatments. After Percival, 2004. 
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The ternary plot (Fig. 7) also shows that while the relative proportions of 
feldspars and clay minerals are similar in different samples, the proportion of calcite is 
far more variable, from 44 % in sample CJC-2 to ~0 % in sample DR-2.  
 

 
Fig. 7. Ternary diagram showing relative proportions of feldspars, calcite and clay minerals in 
samples of Kluane Loess, Neoglacial Loess and Slims River alluvial sediments, as determined 
by XRD analysis. 

 
5.3 Geochemistry 

Ternary plots for the composition of the clay-sized fraction (as determined by XRF) show 
that there is a spread in the samples which depends mostly on the relative Ca and Al 
content (Fig. 8 and 9). In ternary plots without CaO as a factor, the different samples 
group together (Fig. 10 and 11). It is not possible to clearly separate the Kluane Loess 
and Neoglacial Loess, since they show the same compositional range. The different 
loess samples also plot closer to the UCC on graphs without CaO as a factor, therefore 
it is the Ca content that causes the samples to differ from UCC. The composition of the 
silt-sized fraction (XRF results) follows the same pattern as for the clay-sized fraction 
(see Appendix). 
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Fig. 8 Ternary plot of MgO-CaO-Al2O3 in the Kluane and Neoglacial Loess samples, as 
determined by XRF analysis of the clay-size fraction. The UCC composition is shown for 
reference. 
 

 
Fig. 9 As in Fig. 6, but for Al2O3-CaO-TiO2. 
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Fig. 10 As in Fig. 6, but for Na2O-Al2O3-MgO. 
 

 

 
Fig.11 As in Fig. 6, but for TiO2-FeO-Na2O. 

 
Ternary plots of analytical results obtained by ICP-MS/AES contain more 

information than for the XRF results since they include not only the Kluane Loess and 
Neoglacial Loess samples, but also the Slims Soil, alluvial silt and modern loess 
samples (Fig. 12 to 15). As before, the graphs that include CaO show a linear spread of 
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compositions that vary with the Ca content, and one can also see a clear grouping of the 
Slims Soil sample with their lower Ca and relatively higher Al content. Ternary plots that 
do not include CaO as a factor show a similar pattern as for the XRF results: the various 
samples are grouped together. In these plots, all the samples are very close to the UCC 
value.  
 

 
Fig.12 Ternary plot of CaO-Al2O3-K2O in the Kluane Loess, Neoglacial Loess, Slims Soil, and in 
modern loess and alluvial silt, as determined by ICP-MS analysis of the clay-sized fraction. The 
UCC composition is shown for reference. 
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Fig.13 As in Fig 10, but for CaO-Al2O3-Na2O. 

 

 
Fig.14 As in Fig 10, but for K2O-Al2O3-FeO. 
 

 
Fig.15 As in Fig 10, but for TiO 2-Al2O3-FeO. 

 
The calculated ratios (CaO+Na2O+K2O)/TiO2 and (CaO+Na2O+MgO)/TiO2 

also reveal differences between the Kluane Loess and Slims Soil (Table 5). The Kluane 
Loess samples have average values of 98,20 and 101,38 %, respectively, while the 
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Slims Soil samples have much lower average values of 19,61 and 18,03 %. For both 
ratios, the Neoglacial Loess samples have mean values around 40 %. The ratios for the 
Kluane Loess samples vary greatly, and range between ~50 to 130 %. The Slims Soil 
ratios, on the other hand, have lower variations, between ~12 to 29 %. The differences 
between the two oxide ratios in all samples are small which suggests that they may be 
controlled by the same factor(s). 
 

ICP-MS/AES Clay 
    (CaO+Na2O+K2O)/TiO2 Min Max Mean N 

Kluane Loess 50,05 127,08 98,20 5 

Slims Soil 12,88 29,04 19,61 7 

Neoglacial Loess 13,66 59,62 40,30 3 

Modern loess 56,73 56,73 56,73 1 

Alluvial silt 53,79 53,79 53,79 1 

(CaO+Na2O+MgO)/TiO2 Min Max Mean N 

Kluane Loess 55,95 132,56 101,38 5 

Slims Soil 12,28 25,68 18,03 7 

Neoglacial Loess 14,22 58,35 40,11 3 

Modern loess 56,83 56,83 56,83 1 

Alluvial silt 55,07 55,07 55,07 1 
 
Table 5. Minimum, maximum and mean values of the (CaO+Na2O+K2O)/TiO2 and the 
(CaO+Na2O+MgO)/TiO2 ratios in the various loess and paleosol samples analyzed in this study, 
calculated on ICP-MS/AES data. Complete data tables can be found in the Appendix. 

 

ICP-MS/AES  Clay Min Max Mean N 

Kluane Loess 31 50 39 5 

Slims Soil 
 

69 82 76 7 

Neoglacial Loess 51 78 61 3 

Modern loess 53 53 53 1 

Alluvial silt 55 55 55 1 

XRF Clay 
 

Min Max Mean N 

Kluane Loess 18 38 28 6 

Neoglacial Loess 18 41 33 3 

XRF Silt 
 

Min Max Mean N 

Kluane Loess 34 49 43 6 

Neoglacial Loess 37 46 41 3 

Modern loess 34 34 34 1 
 
Table 6. Minimum, maximum and mean values of the Chemical Index of Alteration (CIA) for the 
various loess and paleosol samples analyzed in this study by ICP-MS (clay-size fraction only) or 
by XRF (clay- and silt-size fractions). Complete geochemical data tables can be found in the 
Appendix. 
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The calculated values of the CIA for the various samples are shown in Table 
6. Results of the calculations made using the ICP-MS/AES data shows relatively high 
values of the CIA (mean = 76) for the Slims Soil samples, while the unweathered Kluane 
or Kluane Loess samples have much lower CIA values, averaging 39 (complete results 
can be found in the Appendix). The Kluane Loess samples also have lower mean CIA 
values than the Neoglacial Loess and modern loess (53 to 61). Note should be taken 
that the number of samples available for the different sample types varied greatly, and in 
the case of the alluvial silt, Neoglacial Loess and modern loess, only 1-3 samples were 
analyzed. Therefore the comparisons must be treated with caution.  

The CPA values are relatively high (80-95) in different sample types and 
size fractions (clay or silt), regardless of whether they are based on the ICP-MS/AES or 
XRF data. There is no noticeable difference between the Kluane Loess and Slims Soil. 
However the CPA values based on XRF data for the silt fraction are slightly lower than 
those for the clay fraction (Table.7).  
 
 

ICP-MS/AES Clay Min Max Mean N 

Kluane Loess 90 94 92 5 

Slims Soil 91 95 94 8 

Neoglacial Loess 89 92 90 3 

Modern loess 89 89 89 1 

Alluvial silt 89 89 89 1 

XRF Clay Min Max Mean N 

Kluane Loess 91 94 92 6 

Neoglacial Loess 90 92 91 3 

XRF Silt Min Max Mean N 

Kluane Loess 81 82 82 6 

Neoglacial Loess 80 82 81 3 

Modern loess 82 82 82 1 
 
Table 7. Minimum, maximum and mean values of the Chemical Proxy for Alteration (CPA) for 
the various loess and paleosol samples analyzed in this study by ICP-MS (clay-size fraction 
only) or by XRF (clay- and silt-size fractions). Complete geochemical data tables can be found in 
the Appendix. 
 
 

Table 8 gives the ratios of some minor and trace elements in the clay-sized 
fraction of the samples. The ratios show a clear distinction between the unweathered 
(Kluane Loess) and weathered (Slims Soil) samples. The Rb/Sr, Ba/Sr, and Ti/Sr ratios 
display higher values in the Slims Soil compared to the Kluane Loess. The Neoglacial 
Loess also has lower values than the Slims Soil. This trend of lower relative Sr in the 
Slims Soil compared with the Kluane Loess can be seen in all three ratios. Conversely, 
the Kluane Loess samples have higher relative Rb, Ba, and Ti content than the Slims 
Soil. 
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ICP-MS/AES Clay 

Rb/Sr Min Max Mean N 

Kluane Loess 0,10 0,14 0,12 5 

Slims Soil 0,34 0,73 0,52 8 

Neogl. Loess 0,11 0,2 0,15 3 

Modern loess 0,17 0,17 0,17 1 

Alluvial silt 0,18 0,18 0,18 1 

Ba/Sr Min Max Mean N 

Kluane Loess 1,90 3,27 2,53 5 

Slims Soil 5,79 10,3 7,13 8 

Neogl. Loess 2,01 3,04 2,58 3 

Modern loess 1,73 1,73 1,73 1 

Alluvial silt 1,83 1,83 1,83 1 

Ti/Sr Min Max Mean N 

Kluane Loess 4,64 9,27 5,79 5 

Slims Soil 12,1 28,33 21,33 8 

Neogl. Loess 3,97 8,07 5,81 3 

Modern loess 6,09 6,09 6,09 1 

Alluvial silt 6,45 6,45 6,45 1 
 
Table 8. Minimum, maximum and mean values of the Rb/Sr, Ba/Sr, and Ti/Sr ratios in the 
various loess and paleosol samples analyzed in this study (clay-sized fraction, analyzed by ICP-
MS/AES). Complete geochemical data tables can be found in the Appendix. 

6. Discussion 

6.1 Weathering indicators: granulometry 

Granulometric analysis results of the Neoglacial Loess, modern loess and Slims River 
alluvial silt are very limited due to the small number of samples, and will therefore not be 
discussed. I focus instead on the comparison between the Kluane Loess (unweathered) 
and the Slims Soil (weathered). The mean particle size varies between samples, but 
Slims Soil samples generally have slightly lower values (average = 33 ± 5 µm) than the 
Kluane Loess (37 ± 4 µm) (Table 3). This is expected, since the disintegration of larger 
particles by weathering would be greater in the Slims Soil samples, resulting in a smaller 
mean grain size. However the grain size differences between the Slims Soil and Kluane 
Loess is very small, and the volumetric ratios of clay to silt in these samples are the 
same (range ~ 0 to 15 %, average ~ 5 ± 4 %). Since there are almost no differences 
between the Kluane loess and Slims Soil, the granulometric analysis does not seem to 
be very useful as an indicator of weathering in these soils. 
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6.2 Weathering indicators: Geochemistry 

The observed differences between the geochemistry of the Kluane Loess and Slims Soil 
(described in section 5.3) can be explained by chemical weathering reactions causing 
relative depletion and increase of certain elements (and their corresponding oxides). 

There are two ways a soil (or sediment) can become enriched with an 
element relative to others. One way is to add this element in the soil, for example by 
pollution, precipitation, or by circulation of groundwater. Another way is to have some of 
this element removed from the soil, for example by weathering, so that the mass 
proportion of the element increases relative to others in the soil. Exposure of loess to 
warmer, wetter conditions (for example during interglacials) will cause the most easily 
weathered and soluble minerals to degrade first, and some elements associated with 
these minerals will then be removed in the soil solution. Na and Ca are elements that 
are relatively mobile during weathering (which is why they are used in many weathering 
indexes), and are typically associated with plagioclase feldspars, while K is associated 
with K-feldspars. The lower CaO proportion in the Slims Soils relative to the Kluane 
Loess (Fig. 12-13) could therefore be due to weathering of plagioclase feldspars. By 
comparison, the proportions of Na2O and K2O do not change much between the Slims 
Soils and Kluane Loess. One explanation for these observations is that Ca-rich 
plagioclase tends to weather more rapidly than Na-rich plagioclase (Grimley et al., 
2003), and both Na/Ca-feldspars weather more readily than K-feldspars. Another is that 
the relative depletion of Ca in the Slims Soil is from the dissolution of calcite, which 
would not affect Na2O or K2O. 

It is also possible that some of the variations in CaO percentages between 
different samples types are due to precipitation of dissolved Ca in the soil during 
seasonal fluctuations of the groundwater table. While some of the CaO variations 
between the Slims Soil and Kluane loess could be due to changes in the groundwater 
table it cannot explain why the Kluane loess is systematically enriched in CaO (relative 
to other elements) compared with the Slims Soil. The relative depletion of CaO in the 
Slims Soil is therefore more likely due to weathering. The fact that the oxide ratios 
(CaO+Na2O+K2O)/TiO2 and (CaO+Na2O+MgO)/TiO2 vary in the same way between the 
Kluane loess and Slims Soil (Table 5) is also consistent with the hypothesis that the 
changes in the material are caused by weathering of plagioclase, affecting the relative 
amount of Ca.  

The estimated values of the CIA (based on the ICP-MS/AES data for the 
clay-sized material) show a clear difference between the Kluane Loess and Slims Soil. 
The real percentage of Ca in silicates in these samples is unknown, but the percentage 
in the form of carbonates was estimated. The adjusted CIA values show that the Slims 
Soil has an average value of 76,45 which suggests that it experienced intense chemical 
weathering relative to the Kluane Loess, which has a much lower average CIA value of 
39,73. In contrast, the calculated CPA values for the same sediment fractions show 
almost no variation between the Kluane Loess and Slims Soil. The Kluane Loess has an 
average CPA around 91,78, and the Slims Soil around 93,63. The similarity of these 
indices suggests that the Al and Na proportions of these materials are similar, and 
relatively unaffected by weathering. The only change one can observe is the CPA-
values of the XRF Silt fraction, which seems to have an average value of 81 for the 
Kluane loess. The lower CPA values in the silt size fraction are probably due to the fact 
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that there is more feldspar in the silt than in the clay, which increases the proportion of 
Na2O relative to Al2O3.   

The ratios of Rb/Sr, Ti/Sr, and Ba/Sr are useful indicators of weathering 
since they use the different behavior of elements associated with weathering-resistant 
minerals (example: Ti) and with easily weathered ones (example: Ca). The estimated 
ratios for the study samples show values that are much higher for the Slims Soil 
compared to the Kluane Loess (Table 8). For example the Rb/Sr ratio has mean values 
of 0,12 and 0,52 for the Kluane Loess and Slims Soil, respectively. The higher values in 
the Slims Soil suggest a higher degree of weathering compared to the Kluane Loess. In 
contrast, the Neoglacial Loess and modern loess have ratio values close to the ones of 
the Kluane Loess, suggesting similar degrees of weathering if these materials.   

A depletion of Sr in the weathered loess (Slims Soil) is expected since Sr is 
a relatively mobile element, and it is usually associated with Ca in plagioclase feldspars 
which are easily weathered. It should therefore show a common behavior with Ca. 
During weathering of plagioclase feldspars, both Ca and Sr are removed from the soil by 
dissolution. This causes an enrichment of Rb and Ba relative to Sr. Also, Rb and Ba are 
associated with K in K-feldspars, so one could expect that preferential weathering of 
plagioclase feldspars over K-feldspars should lead to a loss of Ca and Sr and 
enrichment in Rb and Ba. As well, weathering of K-feldspars creates secondary minerals 
that retain Ba and Rb, and these elements are also relatively insoluble, which causes 
them to be retained in the soil during weathering. An enrichment of Ti during weathering 
is expected because it is commonly found in minerals such as rutile or ilmenite that are 
very resistant to erosion, so Ti remains unaffected by weathering while other elements 
are lost. The result of weathering is therefore an enrichment of Rb, Ba, and Ti relative to 
Sr.  

The various geochemical weathering indicators used in this study therefore 
seem to point to that the proportion of Ca as a useful diagnostic indicator of weathering 
in the loess and paleosol samples. The indicators that include Ca, such as the CIA or 
the (CaO+Na2O+K2O)/TiO2 and (CaO+Na2O+MgO)/TiO2 ratios), shown the largest 
differences between the Slims Soil and Kluane Loess. Indicators without Ca, such as the 
CPA, show little variation between the different materials. The Rb/Sr, Ba/Sr, and Ti/Sr 
ratios also show a clear distinction between the Slims Soil and the Kluane Loess, 
presumably because Sr is associated with Ca and Ca-bearing minerals such as 
plagioclase feldspars. These findings strengthen the conclusion that Ca is one of the 
most useful geochemical weathering indicators in these soils.  

6.3 Comparison with other studies 

Results of this investigation were compared with those from two studies by Muhs et al. 
(2008, 2013) on loess and paleosols in central and southern Alaska. These studies were 
selected because they were conducted in similar types of environments to the present 
study, and relatively close to the southern Yukon Territory. One of the studies was 
conducted in the Fairbanks area, and the other in the Wrangell-St.Elias National Park. In 
both studies, the authors sampled, analyzed and compared loess and paleosols, that is, 
unweathered and weathered material. 
 The Fairbanks area receives little precipitation, around 200-300 mm/yr, which 
is comparable to the eastern fringe of the St. Elias Mountains region in the Yukon (300-
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400 mm/yr). The other study area of Muhs et al., in the Wrangell-St.Elias National Park, 
lies close to the part of the Yukon Territory were the samples used in the present study 
were taken. There also, the temperatures and precipitation rate are comparable to those 
in the southwestern Yukon, so one could expect comparable degrees of weathering in 
these regions. Also, the bedrock sources of loess in Wrangell-St.Elias National Park 
should be similar to the ones in the present study, with rocks of the Chugach, 
Wrangellia, and Alexander terranes covering big parts of both areas. According to Muhs 
et al. (2013) the loess in the National Park is derived from glaciogenic silt from the 
Copper River floodplain which drains from the glaciated parts of the Wrangell and St. 
Elias Mountains. The loess near Kluane Lake is also derived from similar material but 
from different outwash and floodplains. 

Geochemical analyses of the loess and paleosol samples from Alaska 
showed a loss of Na2O and Si2O which the authors recognized as an effect of depletion 
of Na-rich plagioclase by weathering (Muhs et al., 2008, 2013). They also measured 
large variations in carbonates even in relatively unweathered loess horizons, which they 
concluded must indicate leaching of these minerals during deposition. Based on these 
observations, Muhs et al. inferred that the loess must have been deposited and 
weathered in a relatively acidic environment. Due to the inferred acidic character of the 
soils, they proposed that the depositional environment must have consisted of boreal 
forest cover and/or tundra soils. 

When comparing the results from the Alaska studies with the results 
obtained from this study in the Yukon, the first thing to point out is that they are quite 
similar. The loess parent material should come from the bedrock sources, which 
explains their resemblance in mineralogical and geochemical composition. The Alaskan 
loess originated from the Chugach and Wrangellia terranes, and there is a high 
likelihood that the Yukon loess derived from the same sources. These terranes stretch 
across the southern Yukon and into southern Alaska, supporting the hypothesis that the 
loess shares a common origin (with some local differences). The most noteworthy 
differences between the Alaskan and Yukon loess and paleosols are the greater 
depletion of Na2O in the loess from the Fairbanks region, the presence of dolomite in the 
Alaskan soils, and the greater abundance of illite in the Yukon soils. Syn-depositional 
loss and variations in carbonate content in loess, observed in Alaska, was also apparent 
in this study (Fig. 7 to 9), and since the regions studied are so alike it is possible to 
extend the interpretation of the Alaskan loess setting to the Yukon Territory, and to 
suppose that it was also deposited and weathered in an environment dominated by 
acidic boreal forest or tundra soils, especially during the warmer / wetter interglacials 
and interstadials.  

6.4 Limitations  

The greatest limitation in this study was the small number of loess and paleosol samples 
available, and the fact that these samples had originally been selected and analyzed for 
an entirely different purpose than to study weathering. The geochemistry of the Slims 
Soil samples was only determined by ICP-MS/AES analysis (not by XRF), and only on 
the clay-sized fraction. In total, there were only 3 samples of Neoglacial Loess available, 
and only one of modern loess. However the available sample data were sufficient to 
compare the Kluane Loess and Slims Soil in terms of weathering intensity.  
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 An optimal study design would have the Slims Soil samples also analyzed by 
XRF (as were a majority of the Kluane Loess samples) since the XRF analysis tends to 
give more accurate results for major elements than the ICP-MS/AES methods. In an 
ideal situation one should also collect more samples of different soil types (especially of 
the Neoglacial and modern loess), and have them analyzed by both XRF and ICP-
MS/AES, and also obtain complete analyses of the mineralogy (XRD) and grain size. In 
future studies, an essential need would be to analyze vertical soil sections to determine 
the variation of the various weathering characteristics with depth in the different 
horizons.  
 Some uncertainty can also be expected in the estimated CIA values since 
they were based on an approximate correction for carbonate content. This correction 
was not ideal, but at least the carbonate data used to make it came from samples of the 
same soil type and from the same area as the loess and paleosols. The results of the 
CIA calculations are not as exact as one could hope, but at least they give a reasonable 
indication of weathering by which to compare the Kluane Loess and Slims Soil, as long 
as one keeps into account the possible biases in the correction method. 

Another possible source of uncertainty in this study is the contamination of 
samples by different soil materials, as well as local variations in weathering intensity 
depending on the surface micro-environment. Most of the loess and paleosol samples 
were collected close to river beds and along highways because of the access to 
exposed sections at these sites. River outwash may carry different soil materials which 
can be mixed with loess during river bank erosion. As well, rainfall and groundwater 
table fluctuations may cause leaching and precipitation of minerals in the soils, and road 
dust can also affect the composition of exposed soil sections in different ways. 
Disturbance and mixture of soil horizons may also be caused by processes such as 
cryoturbation, frost heaving, and solifluction, which are common in the cold Yukon 
environment. One should also take into account bioturbation and disturbance of the soil 
by animals (example: ground-nesting birds, voles) which can mix different layers.  

7. Conclusions 
In this study, the composition of loess and paleosols from a region of the southern 
Yukon, Canada, were compared to examine weathering in the samples and which 
weathering indicator that was the most effective for these soils. Furthermore a 
comparison with studies from Alaska was done to be able to interpret the environment 
that existed when the paleosols developed. 

The study showed that is there is a noticeable difference between the 
geochemistry of the unweathered Kluane Loess and the weathered Slims Soil in the 
study area. In contrast, the different unweathered loess horizons (Kluane, Neoglacial, 
and modern) show a very similar composition indicating a common origin, source 
material, and environment of deposition.  

Soils in this part of the southern Yukon Territory have experienced 
substantial chemical weathering during past interglacials and interstadials. The most 
visible differences between unweathered and weathered loess is the depletion of certain 
elements caused by weathering. To identify the degree of weathering, the major element 
(or oxide) ratios or indices that gave the best results were the ones that included Ca or 
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Sr as factors. These indicators reveal a depletion of Ca and Sr in the weathered Slims 
Soil, indicating that these two elements were preferentially mobilized by weathering, 
probably from plagioclase feldspars and calcite.  

Since the Kluane Loess and derived soils shows a very similar composition 
and was deposited in very similar setting than loess and paleosols in southern and 
central Alaska, it suggests that the same environmental conditions existed when these 
different loess deposits were weathered to form soils. In particular, the loss of Ca in 
paleosols indicates syn-depositional weathering of the loess, probably in an acidic soil 
setting, which in turn suggests an environment dominated by vegetation such as that 
found in the boreal forest or in tundra during these soil-forming times. 
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Appendix 
 

Sample Material  Mineralogy Major oxides Multi-element 

   XRD  XRF  ICP-MS/ES 

   Clay only Silt Clay Clay only 

      

SR-1 Slims Rr alluvial X    X 

SR-2 Modern loess X  X  X 

SR-3 Slims Rr alluvial      

SR-4 Slims Rr alluvial      

SR-5 Slims Rr alluvial      

SR-6 Neoglacial Loess X     

SR-7 Slims Soil     X 

SR-8 Kluane Loess X     

SR-9 Neoglacial Loess   X X X 

SR-10 Slims Soil     X 

SR-11 Kluane Loess     X 

SC-1 Slims Soil     X 

SC-2 Kluane Loess   X X X 

DR-1 Slims Soil     X 

DR-2 Kluane Loess X     

CJC-1 Slims Soil     X 

CJC-2  Kluane Loess X  X X X 

NC-1 Slims Soil     X 

NC-2 Kluane Loess   X X X 

XC-1 Slims Soil     X 

XC-2 Kluane Loess   X X X 

CB-1 Slims Soli     X 

CB-2 Kluane Loess   X X X 

CB-3 Neoglacial Loess   X X X 

KR-1 Slims Soil     X 

KR-2  Kluane Loess X  X X  

DJ-2 Neoglacial Loess   X X X 
Table.9 The data available from the study by Zdanowicz et al. 

 
 
 
 
 
 
 
 



34 
 

Latitude Longitude Sample 

   
   61˚00.172' 138˚30.713' SR-1 

   61˚00.172' 138˚30.713' SR-2 

   61˚00.007' 138˚31.811' SR-3 

   61˚00.007' 138˚31.811' SR-4 

   61˚00.007' 138˚31.811' SR-5 

   61˚00.539' 138˚32.366' SR-6 

   61˚00.539' 138˚32.366' SR-7 

   61˚00.539' 138˚32.366' SR-8 

   61˚00.539' 138˚32.366' SR-9 

   61˚00.539' 138˚32.366' SR-10 

   61˚00.539' 138˚32.366' SR-11 

   61˚02.012' 138˚21.980' SC-1 

   61˚02.012' 138˚21.980' SC-2 

   61˚21.240' 139˚10.028' DR-1 

   61˚21.240' 139˚10.028' DR-2 

   61˚21.240' 139˚10.028' DR-3 

   61˚19.587' 139˚55.741' CJC-1    

   61˚19.587' 139˚55.741' CJC-2 

   61˚12.514' 138˚41.633' NC-1 

   61˚12.514' 138˚41.633' NC-2 

   61˚04.119' 138˚20.261' XC-1 

   61˚04.119' 138˚20.261' XC-2 

   61˚08.724' 138˚25.652' CB-1 

   61˚08.724' 138˚25.652' CB-2 

   61˚08.724' 138˚25.652' CB-3 

   61˚41.215' 139˚44.819' DJ-1 

   61˚41.215' 139˚44.819' DJ-2 

   61˚33.325' 139˚20.406' KR-1 

   61˚33.325' 139˚20.406' KR-2 

Table. 10 Coordinates where the samples were collected. 
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Fig.16: Ternary plot showing the spread of XRF Silt, Kluane and Neoglacial loess samples. 
Variations of the samples depend on Calcium to Aluminum content in the sample. 

 
Fig.17: Ternary plot showing the spread of XRF Silt, Kluane and Neoglacial loess samples. 
Variations of the samples depend on Calcium to Aluminum content in the sample. 



36 
 

 
Fig.18: Ternary plot showing the spread of XRF Silt, Kluane and Neoglacial loess samples. The 
samples are more or less grouped together, indicating similar element amount, with a high Al 
content. 

 
Fig.19: Ternary plot showing the spread of XRF Silt, Kluane and Neoglacial loess samples. The 
samples are more or less grouped together, indicating similar element amount, with quite a high 
Fe and Na content. 
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ICP-MS   Name Sample Rb ppm Sr ppm Ratio (Rb/Sr) 

Alluvial silt SR-1 61,9 353 0,175 

Modern loess SR-2 62,1 366 0,169 

Neoglacial loess SR-9 39,9 256 0,155 

Neoglacial loess CB-3 54,7 278 0,197 

Neoglacial loess DJ-2 34,3 309 0,111 

Kluane loess SR-11 33,1 276 0,119 

Kluane loess SC-2 42,6 330 0,129 

Kluane loess NC-2 42,8 303 0,141 

Kluane loess XC-2 33,7 324 0,104 

Kluane loess CB-2 48,7 380 0,128 

Slims Soil XC-1 73,2 216 0,338 

Slims Soil CB-1 94,2 150 0,627 

Slims Soil SR-7 68,5 175 0,391 

Slims Soil SR-10 106,5 146 0,729 

Slims Soil SC-1 90,0 147 0,610 

Slims Soil DR-1 60,1 138 0,436 

Slims Soil CJC-1 83,0 196 0,423 

Slims Soil NC-1 85,2 142 0,598 
Table.11 Ratio of Rb/Sr. 

 

ICP-MS   Name Sample Ba ppm Sr ppm Ratio (Ba/Sr) 

Alluvial silt SR-1 647 353 1,834 

Modern loess SR-2 633 366 1,730 

Neoglacial loess CB-3 844 278 3,040 

Neoglacial loess DJ-2 835 309 2,705 

Neoglacial loess SR-9 514 256 2,007 

Kluane loess SR-11 902 276 3,268 

Kluane loess SC-2 831 330 2,522 

Kluane loess NC-2 858 303 2,836 

Kluane loess XC-2 614 324 1,896 

Kluane loess CB-2 804 380 2,118 

Slims Soil XC-1 972 216 4,503 

Slims Soil CB-1 1207 150 8,047 

Slims Soil SR-7 1360 175 7,765 

Slims Soil SR-10 1502 146 10,297 

Slims Soil SC-1 1116 147 7,577 

Slims Soil DR-1 798 138 5,790 

Slims Soil CJC-1 1169 196 5,966 

Slims Soil NC-1 1012 142 7,113 
Table.12 Ratio of Ba/Sr. 
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ICP-MS    
Name Sample Ti ppm Sr ppm Ratio (Ti/Sr) 

Alluvial silt SR-1 2274 353 6,450 

Modern loess SR-2 2228 366 6,092 

Neoglacial loess CB-3 2240 278 8,070 

Neoglacial loess DJ-2 1226 309 3,971 

Neoglacial loess SR-9 1377 256 5,379 

Kluane loess SR-11 1416 276 5,129 

Kluane loess SC-2 1531 330 4,644 

Kluane loess NC-2 2805 303 9,271 

Kluane loess XC-2 1533 324 4,733 

Kluane loess CB-2 1968 380 5,183 

Slims Soil XC-1 3199 216 14,814 

Slims Soil CB-1 4249 150 28,326 

Slims Soil SR-7 2119 175 12,100 

Slims Soil SR-10 2948 146 20,203 

Slims Soil SC-1 3450 147 23,422 

Slims Soil DR-1 3888 138 28,215 

Slims Soil CJC-1 3248 196 16,569 

Slims Soil NC-1 3842 142 26,995 
Table.13 Ratio of Ti/Sr. 

 

ICP-MS    
Name Sample (CaO+Na2O+MgO)/TiO2 (CaO+Na2O+K2O)/TiO2 

Alluvial silt SR-1 55,07 
 

53,79 

Modern loess SR-2 56,83 
 

56,73 

Neoglacial loess CB-3 47,77 
 

47,64 

Neoglacial loess DJ-2 14,22 
 

13,66 

Neoglacial loess SR-9 58,35 
 

59,62 

Kluane loess SR-11 109,72 
 

111,63 

Kluane loess SC-2 119,72 
 

116,53 

Kluane loess NC-2 55,95 
 

50,05 

Kluane loess XC-2 132,56 
 

127,08 

Kluane loess CB-2 88,97 
 

85,73 

Slims Soil XC-1 25,68 
 

26,74 

Slims Soil CB-1 12,28 
 

14,67 

Slims Soil SR-7 24,72 
 

29,04 

Slims Soil SR-10 17,27 
 

20,61 

Slims Soil SC-1 14,72 
 

16,14 

Slims Soil CJC-1 18,37 
 

17,25 

Slims Soil NC-1 13,18 
 

12,88 
Table.14 Ratios of (CaO+Na2O+MgO)/TiO2 and (CaO+Na2O+K2O)/TiO2. 
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ICP-MS 

Sample Name CIA 

SR-1 Alluvial silt 54,84 

SR-11 Kluane Loess 37,19 

SC-2 Kluane Loess 36,29 

NC-2 Kluane Loess 51,05 

XC-2 Kluane Loess 31,67 

CB-2 Kluane Loess 42,48 

SR-2 Modern loess 52,54 

SR-9 Neoglacial Loess 50,86 

CB-3 Neoglacial Loess 53,33 

DJ-2 Neoglacial Loess 28,38 

SR-7 Slims Soil 69,62 

SR-10 Slims Soil 77,82 

SC-1 Slims Soil 76,89 

DR-1 Slims Soil 82,51 

CJC-1 Slims Soil 77,29 

NC-1 Slims Soil 81,53 

XC-1 Slims Soil 68,40 

CB-1 Slims Soil 77,55 
Table.15 CIA values for the ICP-MS samples. 
 

ICP-MS 

Sample Name CPA 

SR-1 Alluvial silt 88,63 

SR-11 Kluane Loess 89,59 

SC-2 Kluane Loess 94,01 

NC-2 Kluane Loess 91,09 

XC-2 Kluane Loess 91,40 

CB-2 Kluane Loess 92,81 

SR-2 Modern loess 88,64 

SR-9 Neoglacial Loess 88,68 

CB-3 Neoglacial Loess 91,56 

DJ-2 Neoglacial Loess 90,99 

SR-7 Slims Soil 94,40 

SR-10 Slims Soil 95,41 

SC-1 Slims Soil 93,45 

DR-1 Slims Soil 93,54 

CJC-1 Slims Soil 93,74 

NC-1 Slims Soil 93,74 

XC-1 Slims Soil 91,20 

CB-1 Slims Soil 93,63 
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Table.16 CPA values for the ICP-MS samples. 

 
 

XRF Clay 
Sample Name CPA 

SR-9 Neoglacial loess 90,27 

CB-3  Neoglacial loess 91,53 

DJ-2  Neoglacial loess 91,80 

SC-2  Kluane loess 94,19 

CJC-2  Kluane loess 91,74 

NC-2  Kluane loess 91,13 

XC-2  Kluane loess 90,91 

CB-2  Kluane loess 92,38 

KR-2  Kluane loess 90,98 
Table.17 CPA values of the XRF Clay samples. 

 

XRF Silt 
Sample Name CPA 

SR-2  Modern loess 81,58 

SR-9  Neoglacial loess 82,41 

CB-3  Neoglacial loess 80,29 

DJ-2  Neoglacial loess 81,15 

SC-2  Kluane loess 81,68 

CJC-2  Kluane loess 81,38 

NC-2  Kluane loess 82,27 

XC-2  Kluane loess 82,05 

CB-2  Kluane loess 81,43 

KR-2  Kluane loess 82,00 
Table.18 CPA values of the XRF Silt samples. 




