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ABSTRACT 

Observations on a number of nunataks of the Juneau Icefield indicate that chasmolithic algae 
play a major role in the breakdown of granitic rock. Expansion and contraction of the algal 
mucilage, caused by wetting and drying episodes, results in the surface flaking of the rock. 
Available data suggest that the average mass of material lost per year from 1 m2 of rock could be 
as high as 562 g. It is suggested that biological weathering may be a major destructive mechanism 
of the granitic lithologies. 

Des observations sur plusieurs nunataks du glacier Juneau indiquent que des algues 
chasrnolithiques jouent un r61e capital dans la rupture des roches granitiques. L'expan- 
sion et la contraction du mucilage algaire, dues a des periodes de secheresse et d'humi- 
ditk entrainet la detachement de plaques superficielles de roche. Les donnees disponibles 
suggerent que la masse de materiau perdue par an sur une surface de 1 m2 de roche 
peut atteindre une valeur aussi elevte que 562 g. Il est suggkre que cette alteration biolo- 
gique p u t  &re un mecanisme de dbagregation capitai pour des roches granitlques. 

KEY WORDS. Btological weathering Algae Nunataks Juneau Icefield 

INTRODGCTION play a role in rock breakdown, while at about the 
same time Bachmann (1890, 1892) was investigat- 

The physical and chemical role of Lichens, algae and ing the effects of lichens on the weathering of 
bacteria in rock breakdown has been recognized different rock types. In addition to their chemical 
for some time and for a variety of environments, role (e.g. Branner, 18971, the mechanical effeet of 
Muntz f 2 890) was the first to suggest that bacteria these organisms has long been recognized (e.g. Fry, 
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1924, 1926). The role of these various biological 
agencies has been considered as significant in deter- 
ioration of building material (Mellor, 1922; 
Palmer, 1989) as well as for their effects on rock 
breakdown in various environments, particularly 
hot deserts and Antarctica (e.g. Friedmann et al., 
1947; Friedmann, 1971; Broady, 1981; Kappen el 
al., 1981 ; Friedrnann and Weed, 1987). Algae hate 
received less attention than e~ther bacteria or 
lichens but in recent years their effects in desert 
areas, particularly the Antarctic, have been recog- 
nized (Friedmann, 197 1 ; Friedmann and Ocampo, 
1976; Broady, 198 1 ; Vincent, 1988). According to 
Friedmann and Gulun (1974), the so-called 'litho- 
phytic algae' (i.e. rock algae) occur in four broad 
groups: epiiithic (on the exposed rock surface), 
chasmolithic (in fissures), endolithic (in the internal 
air spaces of the rock fabric) and hypo- or sublithic 
(on the undersurface of light transmissive stones 
found in soil). 

Studies to date on the Juneau Icefieid have 
emphasized the role of mechanical weathering pro- 
cesses (Hamelin. 1964; Shenker, 1979: Klipfel, 
198 1 ; Linder, 198 1) and, to a lesser extent, chemical 
weathering (e.g. Dixon et al., 1984). However, dur- 
ing the summer of 1989 observations on a number 
of nunataks of the Juneau Icefield indicated that 
biological agencies, primarily algae, were a major 
contributor to rock breakdown. 

STUDY AREA 

The Juneau lcefield (Figure I) ,  a relict of the great 
Cordilleran ice sheet, covers an area of approxi- 
mately 4000km2 along the Alaska-Canada 
Boundary Coast Range (Marston, 1983). Some 30 
glaciers drain the Icefield, which is situated within a 
maritime environment along the southern and 
western edges of the Coast Range but which be- 
comes more continental inland towards the east. 
Specific details regarding the glaciers, climate and 
mountains of the Icefield can be obtained from 
MiIIer (1  964). The studies were undertaken at two 
main sites, designated as C-I0 and C-18 (Figure 1). 
C-10 (Camp 10) is on a nunatak that rises to a 
height of c. 1555 m as.  1. and approximately 426 m 
above the surrounding ice Observations were 
obtained from the west-facing side of the nunatak. 
Additional data were obtained from the C-f 8 
(Camp 18) region on nunataks just to the south of 
the Aiaska-Canada border, in the region of the 
Cllkey Glacier at an altitude of c. I700 m a.s.1. 
Sampling took place from glacier level to c. 100 rn 
above the ice. 

METHODOLOGY 

Observations regarding extent of rock damage 
were made on randomly identified 1 m x 1 m or 
0.5 m x 0.5 m areas. In these squares the area of 
either the damaged or undamaged surface was 
obtained by measuring (to the nearest millimetre) 
the main axes of the affected parts. In some 
instances it was only possible to measure the areas 
involved, while at other times samples of rock 
material removed were immediately weighted and 
then later, if possible, dried in an oven at 105 ' C  for 
24 h and weighed again, so that both the mass of 
rock removed and its moisture content could be 
calculated. Equally, at some sites the mass of the 
removed material was obtained but the area it was 
derived from was not calculated. Samples of the 
active organisms were collected and returned to the 
laboratory, where they were cultured for identifica- 
tion. General field observations regarding the 
distribution of biologically weathered bedrock, 
its altitude and aspects together with Iithological 
assoc~alions were made. 

RESULTS 

Biological activity was only apparent on granitic 
rocks in the study areas. No evidence of biological 
weathering could be found on the dark, gabbroic 
lithologies, where a distinct relationship of other 
mechanical weathering processes to aspect was 
observed, with the south-facing sides of outcrops 
showing severe granular disintegration, while the 
north-facing sides were resilient and unaffected. 
The granitic rocks showed no such effect of aspect 
but rather had a 'pock-marked' appearance as 
though hit by a geological hammer (Figure 2). Thin 
bands of green-coloured algae were also often 
present and were particularly evident along the 
edges of the rock after a flake had been removed. It 
was very noticeable that while these flakes could be 
removed with ease durlng and immediately after 
wet weather, no amount of prising with steel knife 
blades could dislodge them subsequent to several 
dajs  of hot %eather. The removed flakes (Figure 3). 
of which large numbers could be found at the base 
of outcrops. were all in the region of 2-4 mm in 
thickness but var~ed greatly in their areal expres- 
slon {measurements from 4 cm2 to 600 cm2 were 
recorded). 

Measurements regarding the biologically affect- 
ed area. the area of additional material that could 
easily de removed, the total affected area and the 
weight of material removed are given in Table 1. In 
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Figure 1 Locdt~on map showing the position of the study sttes on the Juneau Icefield. 
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Figure 2 Flaking due to algal mucilage expansion and contraction on one face of a granitic boulder at the C-10 site. 

addition, it was found that at several exposures 
there were inclusions of gabbroic rock within the 
granitic pluton which were unaffected by biological 
weathering and thus protruded above the sur- 
rounding surface. As the edges of these small (c. 
5 cm x 5 cm) protrusions were stepped, it appears 
that they give some indication of the amount of 
material that has been removed; measurements 
ranged between 2.5 mm and 15 mm. Finally, it was 
most noticeable that the areas where active flaking 
appeared to be operative were reiativeiy Iichen-free, 
while surrounding unaffected lithologies had an 
extensive cover. 

Cultures of the organisms from the rock indicate 
the presence of two species of chlorococcalean 
green algae, one filamentous form (single cells in a 
common mucilage) and a fungus. The chlorococ- 
cales are green in their early stage of development 
but can change to a red colour in later stages or 
when under stress from high temperatures and/or 
light intensity. It is thought that the fungal growth 
lives on the algal photosynthates or on the dead 
algae. 

DISCUSSION 

The algae are probably of the chasmolithic type (i.e. 
living in fissures or cracks within the rock), utilizing 
microcracks parallel to the rock surface that were 
created by dilatation. Although Friedman (1971, p. 
419) states that alpine lithophytic algae are less 
well-researched than those of hot and cold deserts, 
it is considered that the algae live in the rock as a 
means of avoiding stressful environmental condi- 
tions (Vincent, i 988 j. Certainly the Juneau Icefieid 
provides a range of stressful environments, from 
very cold in winter to very hot and dry in summer. 
During the study period rock surface temperatures 
(Hall, in preparation) attained leve'ls as high as 
38 'C and values of 20-25 'C were common on 
many days. That the chlorococcalean is a green 
alga but was seen mostly as red-coloured may also 
reflect stressful conditions for high light intensities 
and temperatures cause the chlorophyll to degrade, 
thus causing a change in colour from green to red. 
In other words, the red colour of the (green) alga 
indicates a green alga under stress. 
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Figure 3 Granitic flake removed by hand with algae attached. 

In order to retain their moisture during dry 
phases algal cells will first lose water from their 
surrounding polymer sheath or 'mucilage'. The 
latter is secreted by the algae for the protection of 
the inner cell and the amount of mucilage is partly 
controlled by environmental conditions: the more 
stress the more mucilage produced. This mucilage 
is hygroscopic, and it expands when water is avail- 
able and contracts as moisture is lost. Expansion 
can be substantial (twenty-fold according to Gor- 
rens, i898j and during drying it exerts a very strong 
bonding force with a very high tensile strength. 

It is this expansion and contraction that is seen 
as the damaging force. Friedmann (1971, p. 426) 
suggested that the 'shrinking and swelling of gelati- 
nous cell sheaths.. . may physically dislodge rock 
particles.. . in a similar way to the activity of 
freezing and thawing'. The observation that pIates 
of rock, with layers of algae up to 1 mm thick still 
attached (Figure 39, could be lifted free with the 
utmost ease during, and for a short time after, rain, 
while no amount of efTort, even with a steel knife 
blade, could remove flakes after several dry days 

showed the effectiveness of the wetting and drying 
of the mucilage. The piles of rock flakes found at 
the base of outcrops clearly demonstrated the effi- 
cacy of this process in causing surface flaking of the 
rock. The flakes then break down into individual 
sand grains, probably mainly owing to the process 
of wetting and drying but also aided by thermal 
fatigue and frost action. Thus, the nunataks show a 
scene of rock outcrops in various stages of flaking 
with accumulations of small flakes at their base and 
the whole area with a covering of unconsolidated 
sand grains. 

The findings of Broady (1981, his Figures 4 and 
5) with respect to rock flaking and the extent of 
algal growth in 50 cm squares in the Antarctic are 
very similar indeed to the findings on the nunataks 
of the Juneau Icefield. Broady (1981, p. 263) found 
chasmolithic algae a few millimetres below the rock 
surface '. . .below thin flakes more or less parallel 
with the rock surface'. The surface flakes in the 
Antarctic were between 1 mm and 6.5 mm thick, 
while in the present study they were found to be 
2-5 mm thick. Although Broady does not comment 
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Table 1 Information regarding the damage caused by algae as measured in the field. 
- 
Aspect Angle (") Affected Extra material Total area Dry welght Moisture 

area (cm2) easily removed affected (%) removed by content (Ito) 
(cm2) hand (g) 

SW-facing 
Horizontal 
Horizontal 
Horizontal 
Horizontal 
SW-facing 
Horizontal 
N-facing' 
Horizontal 
Horizontal 
Horizontal 
E-facing2 
sE-facingZ 
N-facing3 
W-facing" 
H ~ r i z o n t a l ~ , ~  
S - f a ~ i n g ~ ~ ~  
HorizontalL4 

'Surface exposed from under snow cover by digging. 
'Samples collected during wet weather but affected area not measured. 
3Material collected but area not measured. 
4Surfaces had varying gabbroic rock component. 
? = data not available, owing to various reasons (i.e. balance or  oven not available) 

upon the areas exhibiting recent flaking (i.e. areas 
from which rock had been recently lost), he does 
note the widespread occurrence of the living algae, 
they being found in 75 :< of the 61 km squares 
examined. Thus, the role of algae is significant over 
a large area and it is argued that on many nunataks 
of the Juneau Icefield they are equally, if not more 
so, prevalent and active. 

From the available data (Table I) it is difficult to 
discern whether any particular aspect of the rock is 
more prone to bioiogicai activity. In Antarctica 
Broady (1981) found growths restricted mostly to 
the W through SW to SSW-facing sides of outcrops 
and boulders, mainly on the downwind side of the 
exposure. However, the sandblasting associated 
with the powerful winds and hyperaridity of An- 
tarctica is far in excess of anything taking place on 
the Juneau Icefield. Present data are insuacient to 
quantitatively show any effect of aspect, but qualit- 
ative observation failed to show any obvious orien- 
rational bias. Certainly observations about a 
number of large blocks (c. 2 m x 2 m x 2 m) at 
C-I0 failed to show any apparent difference in 
flaking betwen any of the faces. 

Detailed climatic data for the rock areas do not 
exist but available information (Hall, in prepara- 
tion) suggests that during 34 days of observations 
there were a minimum of 16 wetting-drying cycles. 
In addition, on a number of nights when snow, rain, 
drizzle or fog did not occur, there was a relative 
humidity of 3907;. Thus, the potential number of 
times that the mucilage polymer sheath could ex- 
pand and contract during the spring to autumn 
period is relatively large (probably > 50) and so the 
destructive effect of the aigae would be expected to 
be significant, particularly when the degree of ex- 
pansion that can occur is considered. This same 
destructive force has been suggested by Palmer 
(1989) to be the cause of damage to historical 
churches in northern Germany. One of the 
churches was completed in 1893 and is already 
heavily weathered, with large pieces of brick having 
fallen away, while the other was completed in the 
eighteenth century and large chips of rock can 
easily be removed from this (Palmer, 1989). In the 
first case it is only for 96 years that the bricks have 
been exposed and in the latter for less than 300 
years. In the case of the nunataks the rock may 



have been exposed for a much longer period. While 
no valid data are available, observations showed 
that Rhizocarpon sp. lichens in the same areas as 
the flaking rock suggest that the rock has been ice- 
and snow-free for 1000 years or more. Thus, consi- 
dering the potential efficacy of this process, it is not 
surprising that the upstanding, unaffected gabbroic 
nodules indicate at least 1-2 cm of material lost 
o-ver the whole rock surface. 

The mass of material that could be removed from 
1 m2 was substantial (Table l), such that, although 
no quantitative data are available, qualitative ob- 
servation of the extent of algal activity suggests that 
this process far exceeds any other in causing rock 
breakdown. Certainly, on the basis of the amount 
of loose material (2 = 562 g/m2: Table 1) on rock 
surfaces and the accumulation of algal-derived 
flakes at the base of outcrops, the effectiveness of 
biological weathering seems to be substantially 
faster than that reported by other workers (see 
Introduction) for either mechanical or chemical 
weathering. Although actual weathering rates are 
not known, the indication by the upstanding gab- 
broic inclusions of the loss of 5-20 mm of material 
over the whole rock surface during the last c. 1000 
years gives some idea of overall mass lost. However, 
this is still a conservative estimate in so far as it 
presumes the top of the inclusion to have equated 
to the original rock surface and this need not have 
been the case. 

Once the flake is detached, then the exposed alga 
dies. The flake is then broken down by other 
weathering processes (probably a combination of 
freeze -thaw and wetting and drying) to produce the 
grus that abounds on these nunataks. The exposed 
rock surface is then subject to ail but biological 
weathering until algae can recolonize, at which 
point the whole sequence is repeated. Thus, any 
granitic exposure shows all stages of biological 
weathering activity. 

CONCLUSIONS 

Until this present study, weathering of nunataks on 
the Juneau Icefield has been considered to be 
primarily mechanical, although the role of chemical 
processes has also been documented. This present 
study shows that the granitic rocks, in particular, 
are subject to very dynamic biological weathering. 
The expansion and contraction of the mucilage of 
chasmoendolithic algae that accompanies wetting 
and drying cycles effects a flaking of the rock 
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surfaces. Although it is highly probable that chemi- 
cal weathering by the algae also takes place, no 
data are yet available regarding this. However, the 
mechanical effects of the algae are such that several 
hundred grams of rock per square metre may be 
lost each year. The granitic outcrops examined 
showed the effects of this biological weathering 
over their entire surface, with large amounts of 
debris visible at the foot of vertical exposures. The 
inclusions of unaffected gabbroic rock stand as 
much as 10 mm or more above the surrounding 
surface. 

It is probable that the role of algae in causing 
rock breakdown is far more complex than indi- 
cated by this preliminary note. However, algae are 
certainly a major weathering agency on the nuna- 
taks investigated and are likely to be operative on 
other nunataks in this region. More detailed 
studies, particuiarly regarding weathering rates and 
the role of biologically induced chemical weather- 
ing, are needed. 
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