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Abstract

Marion Island is a sub-Antarctic volcanic island with a cold, wet climate. Much of
the interior of the island is bare, with vegetation only found at lower altitudes. No soil
classification has yet been undertaken for the Island, and literature on its soils and
pedogenesis is sparse. As part of a broader research project on Geomorphology and Climate
Change the morphological, physical, chemical, mineralogical and biological properties of
soils from seven terrestrial habitats on Marion Island were analysed. It was determined that
pedogenesis has taken place on Marion Island. A relationship was observed between soils
and terrestrial habitats. Soils were classified according to the World Reference Base (WRB)
soil classification system as Histosols, Histic Andosols, Andosols and Regosols. Generalised
soil profiles were constructed for each of the seven terrestrial habitats. The spatial
distributions of soil types for the Island were predicted with the use of a GIS model and are
presented, together with the implications of climate change for pedogenesis and soil

distribution on Marion Island.
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Definitions

It is noted that the terms below have been interpreted differently by different
scientists, fields of science and at different times. The definitions as given below will be used
for the purposes of this study.

Clay: “a particle size term in which the size fraction is less than 0.002mm” (Whittow, 2000).

Clay Mineral: “naturally occurring material composed primarily of fine-grained minerals
which is generally plastic at appropriate water contents and will harden when dried
or fired” (Klein, 2002).

Pedogenesis: the formation of the solum as a result of the soil forming factors, which are
parent material, climate, topography, time, and living organisms (van der Watt & van
Rooyen, 1995).

Primary Mineral: “A mineral that has remained unchanged from the time it was formed out
of molten rock” (van der Watt & van Rooyen, 1995).

Regolith: All loose material lying above the undecomposed bedrock, including any soil
horizons (Whittow, 2000).

Saprolite: Weathered or ‘rotted’ bedrock; may still contain the original parent rock structure
(Whittow, 2000).

Secondary Mineral: “A mineral resulting from the decomposition of another mineral or from
the reprecipitation of the products of decomposition of another mineral” (van der
Watt & van Rooyen, 1995).

Sediment: Solid particles that have been transported from one place to another and deposited
there (Whittow, 2000).

Soil: Unconsolidated material on the surface of the earth which has been altered by the five
soil forming factors, which are parent material, climate, topography, time and living
organisms (van der Watt & van Rooyen, 1995; Whittow, 2000).

Solum: The true soil consisting of A- and B- horizons; and not including any other horizons
(Whittow, 2000).

Weathering: “The physical and chemical breakdown of particles” (Brady & Weil, 1999).
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1 Introduction

The Prince Edward Islands are found approximately 1770km south east of Port
Elizabeth, in the roaring forties of the southern Indian Ocean (H&nel & Chown, 1998)
(Figure 1). They are located approximately 370km southeast of the mid-Indian oceanic ridge
(Verwoerd, 1971). The Prince Edward Island group comprises two Islands, namely Prince
Edward Island and Marion Island. These two Islands lie 22km apart (Verwoerd, 1971).
Marion Island, the larger of the two (with an area of —290km?) lies to the south west of Prince
Edward Island (45km®) (Verwoerd, 1971). Mascarin Peak (previously known as State
President Swart Peak) is the highest peak on Marion Island, rising to 1240mamsl (McDougall
et al., 2001). The closest landfall to the Prince Edward Islands is the French Crozet Island
group, 950km to the east (Chown & Fronemann, 2008).
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Figure 1: Location of Marion Island (after Chief Directorate of Surveys and Mapping,
2002).

The Prince Edward Islands were created by a shield volcano resulting from a mantle
plume, similar to that of Hawaii (Verwoerd, 1971; McDougall, et al., 2001; Boelhouwers
etal., 2008). The Islands were formed during the Quaternary Period, and are still
volcanically active (Verwoerd et al., 1981; Meiklejohn & Hedding, 2005; Boelhouwers
et al., 2008).



The Prince Edward Islands were first discovered in 1663. Their location was
accurately recorded in 1772, and they were annexed by South Africa in 1947 (Marsh, 1948;
Cooper, 2008). Marion Island now has a permanent base and forms part of a special nature
reserve along with Prince Edward Island. The Prince Edward Islands are home to many birds,
seals and invertebrates. These Islands form an important habitat for breeding of sub-Antarctic

plant and animal species.

Soil research on Marion Island to date has focused predominantly on soil as a growth
medium for plants. Little previous research has been conducted on the soils of Marion Island
and this project was, therefore, conceived to investigate the characteristics, pedogenesis and

distribution the soils found there.



2 Literature review

2.1 Climate

Marion Island, being surrounded by the Southern Ocean, has a hyper-oceanic climate,
with low daily and seasonal variability in temperature (Le Roux, 2008a). Even though
temperatures are buffered by the ocean, they regularly drop below 0°C at any time during the
year (Le Roux, 2008a). The mean monthly air temperature as measured at the meteorological
station (Figure 1) varies from approximately 4°C in winter to approximately 8.5°C in the
summer months (Le Roux, 2008a). The meteorological station is on the eastern shore of
Marion Island and intra-island scale variability is acknowledged, but poorly documented (Le
Roux, 2008a).

Marion Island has a high degree of cloud cover, with a low incidence of sunshine, and
a high precipitation (an average of 1975mm of precipitation per year in the 1990’s).
Precipitation falls predominantly as rain, but also as snow, hail, mist, and graupel (Le
Roux, 2008a). The Island is situated in the roaring forties, with predominantly westerly
winds that reach gale force on more than 100 days during each year (Le Roux, 2008a).

Temperatures on Marion Island have increased steadily since the 1950’s, with a 1.2°C
overall increase between 1969 and 1999 (Smith, 2002). Other research using Marion Island’s
meteorological dataset from 1960 to 2001 indicates that weather on the island is warming and
drying, with an increase in sunshine hours, non-rainy days, pressure, minimum and maximum
temperatures (Rouault, et al., 2005). It is also noted from analysis of Antarctic ice core data
that global temperatures have risen in the last 10000 to 15000 years, since the last ice age
(McCarthy & Rubidge, 2005). Temperatures decreased slightly during the “little ice age” that
occurred between about 1500 and 1700AD, but since then, temperatures have risen steadily
(McCarthy & Rubidge, 2005).

2.2 Geology and geomorphology

The Prince Edward Islands were formed in geologically recent times (Quaternary
Period) with lavas that originate from a mantle plume or ‘hotspot’, which lead to the
formation of a shield volcano (Verwoerd, 1971). This volcano is still active today, with the
most recent lava flow in the 1980’s, and gaseous volcanic activity in 2004 (Verwoerd et al.,
1981; McDougall et al., 2001, Meiklejohn & Hedding, 2005; Boelhouwers et al., 2008). K-
Ar dating suggests that rocks occurring above the sea surface on Marion Island are all less
than one million years old, with the oldest calculated rock age being 454000 years before

present (McDougall et al., 2001). Volcanism on Marion Island is episodic, with eight



identified periods of volcanism, and at least five, but up to eight cold periods in which

glaciation occurred (McDougall et al., 2001; Boelhouwers et al., 2008).

Marion Island’s surface geology was laid down as pahoehoe, aa and block flows, with
aa being the most common (Verwoerd, 1971). The Island’s rocks are characteristic of
oceanic island basalt with 45 to 55% consisting of SiO, (McDougall et al., 2001). The lavas
on Marion Island can be divided into two main periods, the older grey lavas and the newer
black lavas along with associated ash and scoria cones (Verwoerd, 1971) (Figure 2).
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Figure 2: Geology of Marion Island (after Hedding, 2006).

The grey basalts were laid down in the first volcanic stage during the Pleistocene
Epoch (McDougall et al., 2001). They are fine grained, platy, compact, and massive. The
grey lavas have been glaciated, as indicated by the resulting landforms (McDougall et al.,
2001). An analysis of autochthonous blockfields on Marion Island concluded that grey lavas
were most likely weathered by release of pressure with deglaciation, and by some subsequent
granular scale weathering (Sumner & Meiklejohn, 2004).

The black lavas, as well as the associated scoria cones, are basaltic in composition
and were laid down during the second volcanic stage, which occurred during the Holocene

Epoch (McDougall et al., 2001). They usually contain visible vesicles and may contain
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phenocrysts of plagioclase, pyroxene and / or olivine (Verwoerd, 1971). These lavas do not
show evidence of glaciation (McDougall et al., 2001). It has been shown that the black lava
weathers considerably faster than the older grey lavas (Sumner, 2004; Boelhouwers et al.,
2008).

In coastal areas, wild animals frequenting Marion Island play a role in the weathering
and erosion of sediment. Three penguin species, four burrowing bird species (petrels and
prions) as well as two of the seal species have been identified as animals having a significant

effect on the geomorphology of the Island (Boelhouwers et al., 2008).

It was previously noted by researchers that an ice cap existed in the centre of the
island (Verwoerd, 1971), which is now a fraction of its originally documented size (Sumner
etal., 2004). Permafrost was also documented on Marion Island in recent years (Sumner &
Meiklejohn, 2004). It is now recognised that most, if not all of the ice in these areas is rapidly
degrading or has disappeared altogether (Boelhouwers et al., 2008).

2.3 Vegetation

Wielgolaski (1997) places Marion Island within the Tundra Biome. Plants within this
biome (and those found at high latitudes) are generally adapted to colder temperatures, having
amongst others, a shorter, more rapid growing season (Wielgolaski, 1997). The annual net
primary production of all plant communities on Marion Island is high (Smith, 2008).
Nitrogen nutrient pools are low , but in line with other sub-antarctic areas (Smith, 2008).
Herbivores (in the case of Marion Island, indigenous herbivores are invertebrates) consume
approximately 3-5% of the primary production of vegetation on Marion Island, however, the
introduced house mouse is likely to consume at a much higher rate (Kanda & Komarkova,
1997). The deposition of washed up seaweed and manure by seabirds and seals will add to
the organic matter production on the Island (Kanda & Komarkova, 1997). Plant production in
tundra regions becomes dead organic matter, which feeds detritivores, or decomposes at a
very slow rate due to the low temperatures (Kanda & Koméarkové, 1997). Detritivores play an
important role in the breakdown of dead organic matter in order to release the nutrients
therein (Kanda & Komarkova, 1997). It has been shown that soil microfauna are crucial for

the nitrogen mineralization on Marion Island (Smith & Steenkamp, 1992a; Smith, 2008).

Marion Island has 23 vascular plant species, and at least 90 moss, 44 liverwort and
108 lichen species (Gremmen & Smith, 2008). It is estimated that approximately 5% of these
species are endemic to the Prince Edward Islands, while about 20% are endemic to Southern
Indian Ocean Islands (Gremmen & Smith, 2008). Humans have introduced 18 species of

vascular plants to Marion Island, 12 of which still remain (Gremmen & Smith, 2008).
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Eight major habitat types have been identified on Marion Island (Gremmen & Smith,
2004). These are salt-spray, biotic, drainage line, mire, fernbrake, fellfield, polar desert and
aquatic habitats (rivers, stagnant lakes and ponds). Several minor habitat types also exist;
these cover only a small portion of the Island (for example, lava tunnels and cliff faces). The

seven terrestrial habitats as described by Gremmen & Smith (2004) are detailed in Table 1.

Table 1: Key plant species and characteristics of the seven terrestrial habitat types
considered Gremmen & Smith, 2004; Smithi).
Habitat Key plant species Other characteristics
Biotic e Poa cookii e Strong influence of
e Cotula plumosa animals, such as seals,
e Marchantia berteroana penguins, albatrosses,
 Callitriche antarctica prions, and petrels.
e Poaannua » Enriched with nutrients as a
result of animal activity.
Saltspray e Crassula moschata * Near the coast, in areas
e Cotula plumosa receiving sea spray.
e Presence of kelp on the
land surface.
Mire e Sanionia uncinata e Very wet, with

Agrostis magellanica

Juncus scheuchzerioides
Blepharidophyllum densifolium
Clasmatocolea humilis

groundwater levels very
close to or at the surface.
Peat deposits.

Drainage line .

Acaena magellanica
Agrostis stolonifera

Linear feature,
characterised by

pronounced water flow
(may be subsurface).

Fernbrake e Blechnum penna-marina e Well drained lowland
slopes.
Fellfield » Azorella selago *  Windswept areas.

e The surface is partially
covered with stones and
patchy vegetation.

Polar desert  None e Lack of plants.

e Lichens and mosses
present.

In order to gain a better understanding of plant succession on Marion Island, the
succession of vegetation on the 1980 lava flow has been monitored (Gremmen & Smith,
2008). Within the first year Bryum moss species were found to be growing on the newly
deposited rocks (Gremmen & Smith, 2008). Thirteen years later a lush growth of bryophytes
and lichens were observed, and 18 years after the eruption, four vascular plants and 10 other
plants were identified (Gremmen & Smith, 2008). Twenty three years after the eruption, the
lava flow was almost covered by vegetation (mostly bryophytes) (Gremmen & Smith, 2008).
Gremmen & Smith (2008) suggest that the establishment of vegetation at this monitored site
was aided by the low altitude (less than 100m), and mention that floral succession is most

likely initiated by the vascular Azorella selago rather than the mosses observed on the 1980
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lava flow due to the differences in relative availability of moisture. Azorella selago plants are
crucial to soil formation and the succession of vegetation as they accumulate organic matter
and fine volcanic particles, and other plant species establish themselves on the Azorella
selago cushions (Gremmen & Smith, 2008). It was however found in a study of plant
succession on a glacial foreland in the Kerguelen Islands that Azorella selago plants were
late-colonising species while Poa kerguelensis, Poa annua, Ceratium fontanum and
Colobanthus kerguelensis were the pioneering plants there (Frenot et al, 1998). Of these
species all except Poa kerguelensis are also found on Marion Island (Gremmen & Smith,
2004).

2.4 Fauna

Marion Island is home to three indigenous seal species and 28 bird species, consisting
mainly of penguins, albatrosses and petrels (Ryan & Bester, 2008). The common house
mouse was introduced to the Island, and is the only naturalised vertebrate remaining (cats
were introduced, but have been successfully eradicated) (Ryan & Bester, 2008). Several
invertebrate species are also found on the Island. These are generally adapted for their
environment. ‘Flying’ invertebrates have lost or reduced wings (Héanel & Chown, 1998).

Seals which breed and moult on Marion Island are the Elephant seal, Sub-Antarctic
fur seal and Antarctic fur seal (Ryan & Bester, 2008). Other species of seal have been sighted
on occasion, but do not breed or moult at the Island (Ryan & Bester, 2008). The biomass of
these three seal populations on Marion Island is approximately 15000t (Ryan & Bester, 2008).
Seals bring nutrients to the Island in the form of faeces, placentas, corpses and moulted skin
and hair (Ryan & Bester, 2008).

Four species of penguins are found on Marion Island. These are the king, gentoo,
macaroni and southern rockhopper penguins (Ryan & Bester, 2008). Penguins contribute
8900t of biomass, which is 97% of the total biomass of breeding birds at Marion Island (Ryan
& Bester, 2008). King and macaroni penguins breed in dense colonies and erode much of the
substrate on which they breed as a result (Boelhowers et al, 2008). Many of the nutrients
brought onto the Island by the penguins (e.g. nitrogen) are washed back out to sea, or
volatilised (Smith & Froneman, 2008).

Four species of albatross (wandering, grey-headed, light mantled sooty, and dark
mantled sooty) breed on Marion Island (Ryan & Bester, 2008). Albatrosses account for
approximately 100t of biomass on Marion Island (Ryan & Bester, 2008). Wandering

albatrosses breed in coastal plain areas, and build nests from peat and vegetation, increasing



the nutrients of the immediate vicinity thereof (Ryan & Bester, 2008). The other albatross

species make nests of tall cones of muddy peat on cliff faces (Ryan & Bester, 2008).

Other bird species that breed on Marion Island include petrels, skuas, kelp gulls,
terns, prions and Crozet shags (Ryan & Bester, 2008). The lesser sheathbill is the only
terrestrial bird species, and scavenges mostly within penguin colonies to obtain its food (Ryan
& Bester, 2008).

Seals and birds influence Marion Island by acting as erosion agents, trampling
surfaces and transporting propagules (Ryan & Bester, 2008). It is estimated that penguins
bring 30000t of guano, feathers, carcasses and eggs onto Marion Island each year (Ryan &
Bester, 2008).

2.5 Saolil

Several authors have investigated soils as a growth medium for plant on Marion
Island (Huntley, 1971; Smith, 1976; 1978; Smith & Steenkamp, 1992a; 1992b; Smith, 2003;
2005; Smith & Mucina, 2006). Soils were previously classified as Highmoor peats, Lowmoor
peats and Rawmark based on their moisture content, pH, organic content, and ion content
(Huntley, 1971). Peat formation is common in the cold, wet, poorly drained lowlands (Smith,
1976). Soils on well drained slopes are dominated by a greater mineral component, and
within the Fellfield habitat, little pedogenesis has taken place (Smith, 1976). Gribnitz et al.
(1986) found abundant glass fragments, plagioclase, and augite in the ‘soil” sediments they
analysed. They found no signs of mineral alteration, and could not find any clay minerals
(Gribnitz et al,. 1986). No biotite or olivine where found in the samples analysed (Gribnitz et
al., 1986), contradicting Verwoerd’s (1971) previous findings. Gribnitz et al. (1986)
considered the only possible parent material of ‘soils’ to be ash, and described a generalised
‘soil” profile to contain a few centimetres of humic accumulation overlying up to three
different layers of ashy deposits, under which a completely un-weathered scoria, black or grey
lava could be found. They also attributed all ‘soil-formation’ to three processes only, namely:
accumulation of organic matter, percolation of humic acids, and precipitation of iron minerals
at the water table surface (Gribnitz et al., 1986).

Soil research on Marion Island has focused predominantly on soil as a growth
medium for plants (Huntley, 1971; Smith, 1976; 1978; Smith & Steenkamp, 1992a; 1992b;
Smith, 2003; 2005; Smith & Mucina, 2006). Smith (1978) showed that soils on Marion
Island are acidic with pH varying between 3.2 and 5.9, and have a cation exchange capacity
which increases with increasing organic matter content. Little research has been undertaken

on soils of Marion Island with regard to their pedogenesis, classification and distribution.

8



2.5.1 Soils in the sub-Antarctic

Six soil zones have been identified within the sub-Antarctic region as a whole
(Bockheim & Ugolini, 1990). These are: sub-Antarctic forest; sub-Antarctic low tundra; sub-
Antarctic high tundra; Antarctic subpolar desert; Antarctic polar desert and Antarctic cold
desert. Due to the sparse data the boundaries of these zones have not been fully mapped, but
Marion Island falls within the sub-Antarctic tundra zone, where dominant soils are likely to
be peat accumulations and ‘Sub-Antarctic brown soils’ (soils with a litter layer, a humified,
brown A horizon, and a weakly developed B horizon) (Bockheim & Ugolini, 1990). While
acknowledging that soil formation is the result of several interactive processes, Bockheim &
Ugolini (1990) highlighted several key processes that are specific to the formation of soil in
the Antarctic and Sub-Antarctic regions; these being: salinisation (salt accumulation),
carbonation / decarbonation  (accumulation / dissolution  of  carbonates), rubification
(reddening of soil), pervection (migration of silt & clay), peat accumulation (accumulation of
organic matter), melanisation (formation of a deep, black surface horizon), and podzolisation

(mobilisation & movement of organic matter and / or sesquioxides).

2.5.2 Soils of volcanic origin

Soils which form as a result of the weathering of volcanic ejecta generally have
distinctive andic properties, including variable charge characteristic, high water retention, and
high phosphate absorption (Arnalds & Stahr, 2003). Volcanic soils typically have low bulk
densities, and it is noted that only highly organic soils have a lower bulk density (Nanzyo,
2002; Arnalds & Stahr, 2003). Volcanic ash soils are characteristically rich in humus and
dark in colour (Nanzyo, 2002). These unique properties of volcanic soils are attributed to
accumulation of organic matter and the formation of noncrystalline materials (Dahlgren et al.,
2004). Soils of volcanic origin may be classified as Andosols in the WRB Soil Classification
System (Dreissen et al., 2001).

Andosols can be divided into two distinct groups, namely allophanic Andosols and
nonallophanic Andosols (Dahlgren et al., 2004). Allophanic Andosols are dominated by the
presence of allophane and imogolite, and generally form in environments with higher pH
(5-7), lower rainfall (<1000mm) with basaltic type parent material having coloured volcanic
glass (Dahlgren et al., 2004). Nonallophanic Andosols are dominated by Al humus
complexes and 2:1 layer silicates and form preferentially were pH is lower (<5), rainfall is
higher (>100mm) and parent material is base poor (as in ryolite or andesite) with noncoloured

volcanic glass (Dahlgren et al., 2004).



The mineralogical content of basalt at various stages of weathering was analysed by
Moon & Jayawardane (2004), and showed that the diversity of clay minerals found increased
over time. They found that moderately weathered basalt (discoloured rock with some soil
material) contained clay minerals such as smectite, illite and kaolinite. In highly weathered
samples (predominantly soil with some corestones), kaolinite, illite, halloysite, beidellite and
montmorillonite were found (Moon & Jayawardane, 2004). In completely weathered basalt
(soil material containing relict rock structure), saporite, vermiculite, goethite and hematite
were found in addition to the clay minerals occurring at other stages of weathering (Moon &

Jayawardane, 2004).

Some soils in various regions of Ecuador have been classified as Andosols (Buytaert
et al., 2006). The occurrence of Holocene volcanic deposits, a cold, wet climate and steep
topography (Buytaert et al., 2006) make this part of Ecuador comparable with Marion Island.
Soils in the Ningar and Huagrauma regions were formed in an area that was built up by
volcanic deposits and covered by ash falls during the Holocene (Buytaert et al., 2006). These
soils were all classified as Andosols and are dark in colour with a high organic matter content
(up to 68%) (Buytaert et al., 2006). They have a low pH (4.4-5.6), a low bulk density (0.13-
0.72g.cm-') and are at an advanced stage of weathering (shown by the presence of vermiculite
and kaolinite) (Buytaert et al., 2006). Soils in the Rio Paute basin of Ecuador, also classified
as Andosols, exhibit a large abundance of volcanic glass (24-49%), an Al+%Fe ratio of 2.4-
4.0%, and a lower (but still high in terms of soil classification ) organic carbon content of 17-
20% (Buytaert, et al., 2006).

A soil profile on the western side of the Piton des Neiges shield volcano in La
Réunion, that has been influenced by recent volcanic deposits was classified as a Spodosol
(United States Department of Agriculture (USDA) Soil Classification System; equivalent to a
Podzol in the WRB Soil Classification System) (Driessen et al., 2001; Basile-Doelsch et al.,
2005). The organic carbon content of the soil profile analysed was high in all the horizons

and loss on ignition values varied from 11.8% - 62.3% (Basile-Doelsch et al., 2005).

Young soils studied in the White River Tephra in Canada were affected by the
deposition of volcanic material (ash and tephra) at two different times in their formation
(Smith et al., 1999). After each volcanic deposit, organic matter accumulated as a forest floor
developed (Smith et al., 1999). Based on the evidence available from the profiles studied, the
authors concluded that the soils were not yet sufficiently developed to be classified as
Andisols (USDA Soil Classification system, equivalent to the Andosol in the WRB Soil
Classification System) (Smith et al., 1999). Soils were therefore classified as Cryosols due to
the presence of permafrost (at a depth of 2m) (Smith et al., 1999). Smith et al. (1999) also
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concluded that it would take at least 4000 to 5000 years of soil development in the White

River Tephra area of Canada to meet the criteria of an Andisol.

Iceland is a large volcanic island formed of predominantly basaltic lavas on a mid-
ocean ridge. Iceland is still volcanically active with eruptions occurring every 4 to 5 years
(Arnalds, 2004). The most recent volcanic eruption in Iceland occurred during April 2010.
The large clouds of ash that spewed from the Eyjafjallajokull volcano will impact on the
future soil formation in the area. Most soils in Iceland (86%) are classified as Andosols
(Arnalds, 2004). These soils have a low bulk density (0.17-0.4g.cm™) and a low pH (4.9-7 in
H,O) (Arnalds, 2004). Arnalds (2004) points out that soils other than Andosols in Iceland

include Histosols, Leptosols and Cryosols.

Marion lIsland, along with Prince Edward Island was created by a shield volcano
resulting from a mantle plume, similar to that of Hawaii, which formed during the Quaternary
Period (Verwoerd, 1971; McDougall et al., 2001; Boelhouwers et al., 2008). Studies in
Hawaii indicate that the basalts there have weathered into Gibbsite or Goethite (depending on
the environmental conditions) as well as montmorilonite (from olivine and pyroxene) and
Kaolinite (from plagioclase). Gibbsite is formed in a continuously wet environment as the
iron is leached out, while Goethite is formed in an area where there is a seasonal change in

wet and dry climatic conditions (Chorley et al, 1984).

2.5.3 Pedogenesis

Pedogenesis is defined as the formation of the solum as a result of the five soil
forming factors (van der Watt & van Rooyen, 1995). Soil can be defined as unconsolidated
material on the surface of the earth which has been altered by these soil forming factors (van
der Watt & van Rooyen, 1995; Whittow, 2000).

2.5.3.1 Independent soil forming factors

Jenny (1941) determined that five independent variables exist which define the soil
system. These five independent variables, or soil forming factors, are climate, organisms,
topography, parent material, and time. All other soil variables or characteristics (such as clay
content, porosity, pH, etc) are dependent on these five soil forming factors, therefore it can be
said that soil is a function of these factors (Equation 1) (Jenny, 1941). Should all five of these

factors be fixed, only one type of resulting soil can exist (Jenny, 1941).
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s = Soil

f = Function of

cl = Climate

s=f (cl,o, r, p,t) 0 = Organisms

r = Topography

p = Parent material
t=Time
Equation 1:  The soil system (Jenny, 1941).

2.5.3.1.1 Climate

Climate can be defined as “the average weather conditions at a specific place”
(Whittow, 2000). Climate influences the nature and intensity of weathering processes (Brady
& Weil, 1999). Jenny (1941) stresses the complexity of quantifying climate as a soil
formatting factor, and divides climate into its most important two factors, namely moisture
and temperature. Some weathering process can only occur at certain temperatures or

moisture levels.

Chadwick et al. (2003) analysed a series of soil profiles along a climatic gradient, and
found that weathering, mineralogy and soil exchange properties differed along the rainfall
gradient studied. They also showed trends along the rainfall gradient of various soil
properties (organic matter content, pH, cation exchange capacity etc) (Chadwick et al.,
2003).

Generally, chemical reactions double or even triple for every 10°C rise in temperature
(Jenny, 1941; Brady & Weil, 1999; Dahlgren et al., 2004). As previously mentioned, the
mean annual air temperature on Marion Island is 5.7°C (Le Roux, 2008a). The low
temperatures may result in slowed biochemical reactions, and allow for the accumulation
rather than the disintegration of organic matter (Brady & Weil, 1999). Hall & André (2001),
however, indicate that the factor limiting chemical weathering in cold regions may be the
availability of water, as apposed to the colder temperatures. The temperature on Marion
Island may regularly fall below the 0°C threshold (Le Roux, 2008a). This may allow the soil
and parent material to be altered by cryogenic processes. A study of the differences in
temperature within different microhabitats on Marion Island was conducted by Chown &
Crafford (1992), and it was found that the mean temperature in adjacent microhabitats varied
by as much as 5.2°C. Temperature differences, even over such a small scale may influence

the weathering process active at any point in time.

The availability of water is an important factor for many chemical reactions. Marion
Island receives an average of 1975mm of precipitation per year in several forms (Le Roux,
2008a). Water is, therefore, available for uptake by plants and for chemical reactions on

Marion Island. Water is, however, not necessarily readily available in the polar desert
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regions, as it may be frozen for some parts of the year. Marion Island experiences strong
westerly winds, often reaching gale force (Le Roux, 2008a). This increases the chances of

physical weathering by means of wind action.

2.5.3.1.2 Living organisms

From the point of view of soil formation, living organisms can be divided into four
main groups. These are: microbes, vegetation, animals and man (Jenny, 1941). Microbes
(including lichens and mosses) will play a role in the early stages of soil formation before
vegetation has become established in colder / relatively drier areas. Even though plants and
animals do not live in the polar desert regions, lichens and mosses will have an effect on
weathering and soil formation on Marion Island.

Vegetation minimises erosion rates and assists weathering within the profile. Plant
roots may aid physical weathering by penetrating the soil. Plants assist chemical weathering
by releasing organic acids which result in complexation and other chemical reactions within
the soil profile. Plants also add organic matter to the soils when residue (plant litter) is

deposited on the soils.

Animals play a role in soil formation. Indigenous fauna on Marion Island is,
however, limited to seals, penguins and other birds and insects. Mice (alien invasive fauna)
may also play a significant role in the formation of soils. Humans impact on the soils by
constructing structures, compacting soil (along footpaths) and altering soil structure and

functioning by working the soil.

2.5.3.1.3 Topography

Topography refers to “the surface features of the earth’s surface” (Whittow, 2000).
Steep slopes generally prevent the infiltration of water, and encourage erosion, thus limiting
soil formation in these areas (Brady & Weil, 1999). Depressions are likely to receive more
infiltration than slopes, as the water from precipitation as well as water from runoff of
surrounding areas will be allowed to infiltrate, thus making them locally wetter, and the
slopes locally drier (Jenny, 1941).

2.5.3.1.4 Parent material

Parent material is “the material from which soil is formed” (Whittow, 2000). Parent
material may be considered the C-horizon of the soil profile, however this assumption is not
always correct and the soil may have formed from other parent material which has since
weathered in its entirety (Jenny, 1941). The grain size of the parent rock will influence the
texture of the resulting soil (Brady & Weil, 1999). It is suggested by Jenny (1941) that if
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climate, organisms, topography and time are constant, then the parent material can be
differentiated by the soil texture. The chemical and mineralogical properties of the parent
material will affect the properties of the resultant soil (Brady & Weil, 1999).

Organic parent materials are formed in areas where the rate of plant growth exceeds
the rate of residue decomposition (Brady & Weil, 1999). This commonly occurs in very wet

areas as a result of a lack of oxygen (Brady & Weil, 1999).

25315 Time

Time is “the period through which an action, condition or state continues” (Whittow,
2002). Soil forming processes all take time. The longer the time passed, the more weathering
will have taken place and the greater the degree of soil formation (Brady & Weil, 1999).
Over time, sediment will evolve into a young soil, and this in turn will evolve into a more
mature soil. The rate of soil formation may differ from one place to another and will be
dependent on environmental factors as discussed above such as temperature, moisture, degree
of plant and animal activity, etc. The more horizons that exist within a profile, and the greater

their thickness, the more mature the soil is considered to be (Jenny, 1941).

2.5.3.2 Dependent soil forming factors

Weathering is the alteration or disintegration of rocks and minerals (primary and
secondary) at or near the earth’s surface as a result of their not being in equilibrium with the
surrounding environment in order to produce more stable forms (Boul et al., 1989).
Weathering processes are dependent variables of soil formation and none of them can take
place independently. They are influenced by parent material, climate, living organisms and
time. Weathering processes have been briefly discussed below. It should, however, be noted
that these processes operate in conjunction with one another, simultaneously, and / or assist
one another. Marion Island has a periglacial environment that favours conditions for

mechanical weathering processes (Sumner & Meiklejohn, 2004).

2.5.3.2.1 Physical / mechanical weathering processes

Physical weathering processes refer to all weathering process that come about as a
result of physical stresses placed on rocks, such as:
e Cryogenic process: occurs when water freezes and ice melts as the temperature
fluctuates around freezing point (Driessen et al., 2001).
e Granular disintegration: the dislodgement of particles or disintegration of grains as a
result of the freezing of pore water and / or the expansion and contraction of rocks
caused by insolation (Whittow, 2000).
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e Weathering caused by the precipitation of or hydration of salts: causes physical
stresses on particles (Whittow, 2000, Goudie, 1993).

e Unloading: pressure release as a result of the removal of overlying layers (Whittow,
2000).

< Insolation weathering: the weathering of rocks as a result of large daily temperature
changes (Goudie, 1993).

2.5.3.2.2 Chemical weathering processes

Chemical weathering processes involve chemical reactions which alter the
composition of rocks or parts thereof. Chemical weathering produces solutes (such as
sodium, potassium, magnesium, calcium, strontium, etc), clays (complex hydrous
aluminosilicates) and mineral residua (as yet unweathered components) (Chorley et al.,
1984). Chemical weathering processes including:

e Carbonation: the accumulation of carbonates in solution. Weak carbonic acid
dissolves basic oxides to produce bicarbonate. (Bockheim & Ugolini, 1990;
Whittow, 2000). Decarbonation is the dissolution of carbonates in solution.

e Hydrolysis: occurs when water combines with a salt, to form in soluble precipitates or
clays (van der Watt & van Rooyen, 1995; Whittow, 2000).

e Oxidation and reduction reactions: occur when minerals are exposed to air or water.
Oxidation and reduction reactions result in an alteration of the chemical makeup of
the mineral. For example, the oxidation of Fe(Il) oxide will result in the occurrence
of FeOOH (rust) (Brady & Weil, 1999).

 Rubification: reddening of soil as Fe** or Fe** is oxidised during chemical weathering
of minerals containing iron (Fe) (Bockheim & Ugolini, 1990).

e Solution: particles within a rock dissolve in water or carbonic acid (water combined
with carbon dioxide) (Goudie, 1993).

e Hydration: the uptake of water by certain minerals that causes them to expand or
swell, which may in turn cause disintegration (Goudie, 1993).

e Salinisation: the accumulation of salt within a profile or solution (Bockheim &
Ugolini, 1990; van der Watt & van Rooyen, 1995; Whittow, 2000).

2.5.3.2.3 Biological weathering processes

Plant roots produce organic acids (such as oxalic, citric, tartaric, fulvic and humic
acids). These acids react with minerals to form organic complexes (chelates) with metal ions,
altering the chemical composition of minerals and releasing other ions for uptake by plants
(Brady & Weil, 1999; van der Watt & van Rooyen, 1995; Whittow, 2000). This process can
also be referred to as complexation or chelation. The resulting chelate is a heterocyclic ring
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compound containing at least one metal cation (van der Watt & van Rooyen, 1995; Sinclair,
2001). Laboratory experiments considering the effects of the presence of humus (and
therefore humic acid) on the weathering of rocks indicated that basic rocks (such as basalts)
are more heavily affected by the presence of humus than acidic rocks (Chorley et al., 1984).
It is however also noted that the humic acid content of tundra soils is generally low (Chorley
et al., 1984). Biological weathering processes include:
e Melanization: the formation of a deep, black surface horizon as a result of the
incorporation of humus into a mineral soil (Bockheim & Ugolini, 1990; van der Watt
& van Rooyen, 1995).
e Peat accumulation: the build up of organic matter, especially in soils with poor

drainage, but receiving high rainfall (Bockheim & Ugolini, 1990).

2.5.4 Soil classification

Due to the geological history of Marion Island, and the relative age of rocks found
there, it is expected that soils will be poorly developed, or volcanic in nature. It is well

known that organic or fertile soils are associated with volcanic regions.

2.5.4.1 South African Soil Classification System

Based on the South African Soil Classification system (Soil Classification Working
Group, 1991) it is expected that organic soils would fall within the Champagne soil form
(organic topsoil with unspecified subsoil), while remaining (volcanic) soils may fall anywhere
within the system. No provision is made for typically volcanic soils, or soils from cold

regions as these are not found on the South African mainland.

2.5.4.2 World Reference Base (WRB)

According to the WRB Soil Classification System, soils that have developed from
volcanic materials are most likely to fit into the Andosol soil group (Driessen et al., 2001).
Andosols are dark soils that may be rich in allophones (highly reactive aluminium-humus
complexes) or volcanic glass (Driessen et al., 2001). The soils formed are affected by factors
such as the crystal size, character of the volcanic parent material, and the weathering regime.

In lower lying areas on the Island, organic soils predominate. Previous research (e.g.
Smith, 1978) indicates that some soils in coastal areas of Marion Island have an organic
matter content of as much as 46%. In the WRB classification system such soils may be
classified as Histosols (Driessen et al., 2001). It is thus possible that Histosols may occur at

lower altitudes of the Island.
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In permafrost regions where soils are frost-affected, Cryosols may be present
(Driessen et al., 2001). It has however been shown that permafrost no longer exists on
Marion Island (Hedding, 2006, Boelhouwers et al., 2008).
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3 Academic problem

3.1 Rationale

Soils as a medium for plant growth on Marion Island have been researched by
Huntley (1971), Smith (1976; 1978; 2003; 2005), Smith & Mucina (2006) and Smith &
Steenkamp (1992a; 1992b). Gribnitz et al. (1986), concentrated on the weathering of parent
rocks to what they termed ‘ash soils’. Gribnitz et al. (1986) even suggested in their paper that
true soils do not exist on Marion Island and described a generalised profile that contained a
few centimetres of plant growth in humus, overlying several layers of varying ash. Little soil
science research has been undertaken on Marion Island, especially with regard to the
pedogenesis and classification of these soils and the relationships between plant communities

and soils and altitude.

3.2 Aim

Given the scarcity of research relating to pedogenesis and soil classification on
Marion Island, the aim of this study is to determine whether or not pedogenesis has taken
place on Marion Island. If it is found that soil formation has taken place on Marion Island,
soils will be described, classified, and their spatial distribution estimated.

3.3 Research questions

In order to achieve the aim, a set of research questions have been proposed as

indicated below:

1. Has pedogenesis has taken place on Marion Island?

a. Have soils been influenced by climate, topography, and living organisms?

b. What is the parent material of the soils?

c. Over what period of time have the soils formed?
Can it be shown that the vegetation habitats are related to soils on Marion Island?
Has altitude influenced the formation of soils on Marion Island?
What soil forms can be found on Marion Island?
What is the spatial distribution of soils on Marion Island?

© gk~ DN

Is climate change likely to have an effect on the soils found on Marion Island and

their spatial distribution?

3.4 Method

In order to fulfil the aim of the project, and to answer the various research questions,
soil samples were collected from Marion Island. Soil samples collected were analysed in

order to determine their properties and characteristics.
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3.4.1 Delimitations

Based on the nature of the research program currently taking place on Marion Island
as well as the amount of specialised analysis required in order to determine certain soil
properties, the fieldwork for this research project was conducted over two annual relief
voyages to Marion Island. Fieldwork was therefore conducted during April and May of 2006

and 2007, and was limited to approximately 8 weeks in the field in total.

Fieldwork consisted of becoming acquainted with the general environment of the
Island, selecting appropriate sample sites, collecting samples and describing soils in situ.
Bulk densities of the soil were determined on the Island, whilst the majority of soil analyses
were conducted during the months following the site visit in laboratories at the University of

Pretoria.

This study concerns only the soil of Marion Island; however the geographical
proximity of Prince Edward Island to Marion Islands as well as the similarity in their
geological formation and climatological setting implies that results of the research may also
be applicable to Prince Edward Island to some extent. A description of Prince Edward Island
and its soils is, however, specifically excluded from this study.

3.4.2 Fieldwork

A total of 96 soil samples were collected from 47 sites during the annual relief
voyages to Marion Island in April and May of 2006 and 2007 (Figure 3). Smith et al. (2001)
noted that the impoverished flora on Marion Island, along with the harsh environment result
in a link between plant communities, biotic and abiotic factors. Sites were therefore selected
based on this observation, and sites were chosen where typical characteristics of each of the
seven terrestrial habitat types (as defined by Gremmen & Smith (2004)) were identified. It
was ensured that several samples were collected from each habitat in order to allow for

comparison of soils from these habitats.
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Figure 3: Sample sites on Marion Island.

Sample sites were selected using the judgement sampling technique which requires
the sampler to use the knowledge and information available to determine where a suitable
sample site exists (Petersen & Calvin, 1996). Samples were therefore collected from sites
showing ‘typical’ habitat characteristics (key plant species, and characteristics) that best
represented the population as a whole (Table 1). The judgement sampling technique is, by
definition, biased since samples are selected based on the judgement of the sampler.
However, with only short periods of fieldwork time on the Island, this technique was deemed
to be the most appropriate.

Samples were collected from various Island aspects (Figure 3). The habitat of the
sample sites may vary from that of the vegetation map on which they are plotted. This can be
explained by the fact that small areas of a habitat may occur in many places (Smith &
Mucina, 2006). The vegetation as depicted by the map has therefore been generalised and
only the major habitat groups mapped (Smith & Mucina, 2006). Note also that on the
vegetation map available for the Island (Mucina & Rutherford, 2006), the habitat types differ
from the seven described by Gremmen & Smith (2004). On the vegetation map, (Mucina &
Rutherford, 2006) the coastal vegetation class encompasses both the biotic and saltspray
habitat types. The mire slope complex includes mires, drainage lines and fernbrake habitats,
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and cinder cones have been differentiated from the rest of the polar desert habitat. This also
means that within any of the habitats depicted on the vegetation map, there may be small

areas of another habitat.

At least three sample sites were selected within each habitat (Table 2). Samples taken
at each site represented different identifiable soil horizons. In a few instances, where slope
failures were found, a clear profile of the soil, unaffected by the slope movement was cut and
fully analysed, in all other cases, samples were extracted with the use of an hand auger, and
horizons were assumed to start and end where a visible change could be identified. While
conducting fieldwork, a possible palaeosol was found, and additional soil samples were also

collected at this site.

Table 2: Number of sites and samples collected from each habitat type.

Habitat No of sites No of samples collected

Biotic 15 21 * The site where a

Saltspray 4 10 possible palaeosol was

Mire 8 15 found is not considered

Drainage line 3 6 to represent a distinct
habitat, however, it is

Fernbrake 4 16 included here to

Fellfield 8 11 indicate the number of

Polar desert 4 8 samples collected from
the site.

Palaeosol* 1 9

An altitudinal transect starting at Skua Ridge, and ending at Tafelberg (Figure 3) was
sampled to establish altitudinal variation in soil properties. This transect was chosen to
closely follow that conducted by McDougall et al. (2001). Sample sites were chosen at
approximately 100mamsl altitudinal intervals (Table 3). This was determined with the use of
a handheld GPS. Sea cliffs at the start of the transect prevented low altitude sampling, and
the first sample was taken at 43mamsl, and the transect ended at 458mamsl, where the
gradient abruptly increased, and vegetation was no longer found. Other samples, not along
the altitudinal profile, were taken at altitudes as low as 3mamsl, and as high as 947mamsl
(Appendix A).

Table 3: Altitudes of samples along the transect from Squa Ridge to Tafelberg.
mamsl (GPS) | Habitat | Site number
43 Mire 26
103 Mire 27
201 Fellfield | 33
299 Fellfield | 32
401 Fellfield | 29
458 Fellfield | 28
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3.4.3 Laboratory work

Laboratory work was conducted in order to determine the characteristics of the soil
samples collected from Marion Island. The extent of this work was determined by soil
properties that can be used to aid in fulfilling the aim of the study, soil properties that will be
useful in the classification of the soils into soil forms in the WRB soil classification system
and soil properties that will be useful in describing the general soil characteristics. Therefore,
the following soil analyses were proposed:

1) Morphological properties:
a) Soil colour.
b) Observations of other pedological features.
2) Physical properties:
a) Coarse particle size distribution.
b) Fine particle size distribution.
c) Bulk density.
3) Chemical properties:
a) pH.
b) Aluminium and iron ratio.
4) Mineralogical properties:
a) X-Ray Fluorescence (XRF) to determine elemental composition of soils.
b) X-Ray Diffraction (XRD) to determine mineral composition of soils.
5) Biological properties:
a) Organic carbon content.

b) Characterisation of biological soil composition (infrared analysis).

All soil samples were air dried before analysis. A sub-sample of approximately 50ml
was taken out for mineralogical and infrared analyses. Sub-samples of approximately 100g
were sieved (dry) for particle size analysis. All particles larger than 2mm were then
discarded, and the remaining material was kept for further analysis. The <2mm fraction was

used for fine sediment analysis, and the determination of all chemical parameters.

To determine whether or not clay minerals exist in some of the soils found on Marion
Island, five samples were analysed further. These samples were sent to the Institute for Soil,
Climate and Water (ISCW) at the Agricultural Research Council (ARC) for the determination
of clay mineralogy as well as iron and aluminium content. Additional infra-red analyses were
also performed on these samples in order to determine which portions of the soil medium
were lost during loss on ignition analysis. Only five samples were chosen due to the cost and

time requirements of the analysis. The results of these analyses while useful to fully describe
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the soil characteristics were not required in order to determine answers for the proposed

research questions.

Of the five samples, four were chosen from the habitats that comprised mineral soils
(fernbrake, fellfield and polar desert habitats) and one from an organic soil (mire habitat) for
comparison. Two fernbrake samples were included in the mineral analysis as these soils are
considered to be the best developed (field observation). Sub-surface samples were sent for

clay mineralogy analysis, while surface samples were used for all other analyses.

Where applicable, results obtained for any single soil property analysed were
compared with the specific requirements of soil horizons within the WRB Soil Classification
System (Driessen, et al., 2001). All horizons with fixed values within their criteria where
considered, though not all were applicable to soils on Marion Island. Soil horizons were later

considered holistically, taking earlier findings into account.

Details pertaining to the methods followed for the determination of each soil
characteristic as described above are included in Chapters 4 to 8 along with the results (also
refer to Appendices) and interpretation of each analysis. Descriptions of all samples taken at
each sample site (soil colour, depth etc.) as well as basic site description (habitat, location,
altitude) are tabulated in Appendix A. Detailed descriptions of typical profiles for each

habitat are further discussed in Chapter 9.
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4 Morphological soil properties

While conducting the fieldwork and collecting soil samples, several morphological

soil properties were noted. These field observations are described below.

4.1 Soil colour and texture

Differences in colour and texture occurred from one soil horizon to the next
(Appendix A.) Distinct colour differences were identified moving downwards in the saltspray
and mire soil profiles. The surface horizon is lighter in colour than the subsurface horizon
(Figure 4). Visible plant matter is found in the surface horizon, while plant material cannot

be discerned in the subsurface horizon. The texture of the soil is smoother in the subsurface

horizon than in the surface horizon (Figure 4).

Figure 4: Saltspray soil sample (aite no 5). The surface horizon is on the left, with
the subsurface horizon on the right.

The changes in colour in the fernbrake profile are clear. Fernbrake profiles have a
dark brown surface horizon (Figure 5). Subsurface horizons are various shades of browns and
reds, and the base of the profile is a darker colour (Figure 5). The texture also changed
throughout the profile, and a coarser layer containing some scoria was noted in the middle of
the profile as well as at the base. The scoria rich horizon in the middle of the profile may be
attributed to a volcanic scoria deposit (possibly Island-wide); alternatively, it may have been
deposited there by wind or water.

Figure 5: Frnbrke soil sample (sample site no 37. "The surface horizon is on the left, with
the subsurface horizon on the right.

4.2 Ironpans / manganese nodules

Within the fernbrake habitat there were accumulations of redder material at several
depths within the soil profile (Figure 6). These layers were usually thin and of a different
texture to that of the surrounding horizons. In some cases the accumulation was slightly
harder than the surrounding horizons as well. These layers have been described as ironpans
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as they have the characteristics expected of ironpans (hardened accumulation of iron /

manganese / organic compounds).

Figure 6: Ironpan (fernbrake habitat; sample site no 1).

Manganese nodules were identified in one case (Figure 7). Black hardened nodules
were found, and were notably different from the black lava and scoria. The presence of
several ironpans and manganese nodules within profiles is suggestive of a fluctuating water

table, as well as active weathering and erosion processes.

Figure 7: Manganese nodules (fernbrake habitat; sample site no 19).

4.3 Organic matter accumulation

Organic matter accumulation within soil profiles is particularly evident in mire,
saltspray, drainage line, fernbrake and biotic habitats. In all cases plant material was
recognisable near the surface, and became less recognisable lower in the profile (Figure 4).
Humus enriched the organic content of the soils (Chapter 8) and also darkened the soil colour;
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