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THE LOCATION AND TIMING OF DEEP SLAB 
AVALANCHES 

By C H A RLES C . BRA DLE Y 

(D epartment of Earth Sciences, M onta na State University, Bozeman, M ontana 597 I 5, 
U .S.A. ) 

ABSTRACT. Win ter o bservations in the n orthern R ocky M ounta ins of M onta na show two periods during 
which on e m ay expect a colla psing snowpack a nd accompa nying ava la nches: ( I ) shad ed a nd sh el tered a reas: 
December- Februa ry; (2) sunny a nd exposed a reas: M a rch- M ay. T hese periods ap pear to be linked in part 
to the cycl ic rise a nd fa ll of strength in the basa l snow layer. It is sugges ted that sh eltered slopes a re often 
a bou t a ha lf-cycl e ah ead of sunny slopes because sheltered slopes tend to reta in the ea rl y snows which la ter 
become the critica ll y weak basa l layer on th ese slopes. 

R EsuME. L a localisation dal1s I' espace et le temps des avalanches de plaques epaisses. L es observa tions fa ites en 
hiver da ns les R ocky M ounta ins du nord d e Monta na ont permis de constate r qu 'il existe d eux pe riodes a u 
COUl'S desq uell es on peut s'a ttendre it un effondrement d 'amas d e neige accom pagne d 'avala nches: ( I ) lieux 
ombrages e t a brites : decembre- fevri er ; (2) li eux ensolei ll es et decouverts: ma rs- m a i. Ces pe riodes sem blen t 
etre li ees en pa nie it l 'augmenta tion cycliq ue et it la perte d e force de la couche d e base d e la neige. Il est 
suggere q ue les pentes abritees on t souven t un d emi-cycle d'avance sur les pentes ensoleillees, pa rce q ue les 
pentes a britees tendent a re tenir les premieres neiges qui . p lus ta rd , fo rmen t la couche critiq uement fa ibl e 
su r ces pentes. 

ZUSAMMENFASSUNG. Vorkollllllen 1lI/.d Ablaiif tiifer Schlleebrell-Lawinen. vVinte rbeobachtungen in den 
nordlichen R ocky M ounta ins von M onta na lassen 2 Perioden erkennen, in den en ma n zusammenbrechende 
Schneeschichten und die sie begl eitenden L a winen erwarren kann: ( I) scha ttige und geschutzte Flachen : 
Dezember- Februa r ; (2) sonnige u nd ungeschutz te F lachen : M a rz- M a i. Diese Period en scheinen zum Tei l 
m it d em zyklischen Zu- und Abnehmen der Festigkeit in del' untersten Schneeschicht zusammenzuha ngen. 
Es wird a ngenommen . dass geschutz te Abha nge oft den sonnigen Abhangen urn ungefahr einen h alben 
Zyklus vera us sind, da geschu tz te Abha nge d azu neigen, den fruhfn Schnee zu bewahren, d er spa ter zur 
kritisch schwachen G rundschich t a uf diesen Abha ngen wird. 

I NTROD UCTION 

D eep slab avalanches a re here defin ed as those snow avalanches initiated by the sudden 
collapse of the basal layers of the snow pack under the overl ying snow load . As such , these 
avalanches would constitu te a genetic subtype under the Swiss classifica tion " ground slab 
avala nche" (Quervain , 1966) or the U. S. Forest Service " climax avalanche" ([U .S. D ept. of 
Agriculture. Fores t Service] , 196 1) . 

Two conditions at the base of the snowpack are worth y of note: ( I) A poorly sintered , 
low-densi ty basal layer which frequently di splays subhedra l to euhedral depth hoar crystals; 
(2) A pre-collapse basal streng th to load ratio (S/L) of < 4 where streng th is measured with the 
snow resistograph and load is taken wi th the Mt R ose snow sampler (Bradley and Bowles, 
1967) . 

The resistograph is an instrument which plo ts a profil e of snow streng th as a function of 
d epth in the pack. T o obta in SIL, a resistogram is first taken to iden tify the position and 
streng th of the weakes t layer near the base . The M t R ose sampler is then used to obtain a 
m easure of the snow load overlying tha t weak layer. 

In this paper S/L is considered to be a general index of systemic strength . A collapsing snow
pack, deep slab avalanches a nd S/L < 4 a re all considered to be indices of crit ical systemic 
weakness. 

D eep slab avalanches, though common in the northern R ocky Mountains of M ontana, 
a re by no means a universa l win ter phenom enon. In my 19 winters of observa tion in the 
Bozema n area , there have onl y been four I would class as years of widespread deep slab 
avalanches. On the other hand, it is also true that each year has revealed som e broad areas of 
slope which have d eveloped a t som e mom ent the general criti cal weakness leading to collapse 
a nd a valanche. These same slopes in other years might remain completely stable for the whole 
season or might achieve so littl e synchronization of weak zones that general failure never 
develops. 
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This paper is concerned wi th two factors which help bring about synchronous basal 
weakness and collapse over b road a reas. These two factors are the systemic streng th cycle a nd 
the location of the first permanen t snows of winter. 

SYST EMIC STRENGT H CY CLES 

Observations in the Bridger Range of M ontana (Brad ley, 1966 ; Brad ley a nd Bowles, 1967) 
showed the possibility of estimating the susceptibili ty of the snowpack to collapse by obtaining 
the strength to load ratio a t the base of the pack. In addition , it was shown that while this 
ratio generally d ecreases as the season advances, i t is a lso subject to significant oscilla tions, 
proba bly as the resul t of the interplay between m etamorphic weakening and load consolida 
tion . Cyclic weakness of basal snow was a lso no ted by R och ( 1966) . 

Metamorphic weakening accompanied by accumula ting snow load ultimately m ay lead to 
compressional fa ilure of the basal layer. This m ay be sudden and accompa nied by snowpack 
fracture. More often , however, the pack appa rently subsides plastically. In ei ther case, the 
subsidence brings about a period of stability and basal consolida tion b efore m etamorphism 
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Fig. I. S trer/gth- load ratios at the base of the snowpack in three study areas. /}lotted against a ti'ne ocse and showillJ apparent 
cycles of systemic weakness. 
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LOCATION AND TIMING OF DEEP SLAB AVALAN CHES 
and further snowfall initiates a new cycle of systemic weakening. The period of this cycle, though highly variable, appears to be about 30- 50 d in the early part of the snow season and lengthens to about 80 d towards the end of the season (Fig. [) . This might be expected because normally the temperature gradient, and hence the rate of basal metamorphism, would decrease as the pack thickens and as summer heat stored in the ground is dissipated. 

The fact that these cycles are superimposed on a general decline in the strength to load ratio increases the likelihood of collapsing conditions as the season advances and tends to act against the probability of critical weakness being reached in the early season pack. 

AVALANCHE TIMING AND SLOPE ORIENTATION (Fig. 2) 
In the northern Rockies one peculiarity of deep slab a valanches (and other manifestation of systemic weakness) is their apparent seasonal timing with regard to slope orientation. North-facing and sheltered slopes tend to fai l around the month of January with a second but minor peak in May. South -facing slopes show a strong tendency to collapse and ava lanche around the month of Apri l. 
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Fig. 2 . Seasonal periods 0/ systemic snowpack weakness as related to slope orientation or other protection/rom insolatiol1. 

Figure 2 was compiled from personal notes taken in the [0 year period 1959- 69. It contains all observed occurrences of systemic weakness in the mountains around Bozeman, Montana. T hat is, featured in the bar graphs are a ll instances of deep slab avalanches, collapsing snowpack and significant areas displaying SjL < 4 in which the date and slope orientation or degree of shelter could be established. 
One cannot escape the conclusion that insolation has had an influence on this systematic distribution of weakness periods. J ust what the influence consists of is not immediately apparent. The source of weakness lies at the base of the pack well beyond the reach of direc t sunlight. Two mechanisms are suggested: ( [) The sunlight could lower slab strength during a warm period ([U.S. Dept. of Agriculture. Forest Service], 1961 ). This would reduce the bridging capacity of the slab and make it more susceptible to fail ure. Such a process helps 
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(a) 

(b) 

Fig. 3 . Aerial views looking west at the 1967- 68 snow-study plot (central clearing ), Bridger Range, Montana , U.S.A. 

o. Snow cover 15 October 1967. b. Snow cover 21 October 1967. 
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explain the spring avalanches on warm slopes. (2) The susceptibility of north-facing slopes to 
mid-winter avalanches was no ted by Bucher (1946) . H e attributed this sensitivity to rapid 
metamorphism of the earl y snows resulting from a thin snow cover and steep thermal gradient 
in the pack. 

The stud y reported here was based upon still a nother mechanism- the idea that th e 
location of the first persistent snows of winter might hold a key to the seasonal distribution of 
deep slab avalanches. The early snows later become the basal snow and the early snows 
wou ld best survive on the shaded and sheltered north slopes ([V.S . D ept. of Agriculture. 
Fores t Service] , 196 1) . 

METHOD OF STUDY 

T he area selected for stud y is an open glade on the east slope of the Bridger Range (Figs . 3 
a nd 4) . The glade is about 300 m north- south by 180 m east- west and is divided by a topo
graphic spur which separates a south-east-faci ng slope from a north-east-facing slope. The 
plan was to conduct three synoptic studies of the basal strength to load ratio on the area during 
the course of the winter to see what the patterns might reveal. 
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Fig. 4. Topographic base mal) of J 967- 68 study plot, showing location of measurillg stations and the position qf the late October 
snow line. 

During October- November 196 7, aerial photographs of the area were taken weekly to help 
establish the early snow distribu tion prior to the permanent winter cover. 

Figure 3a shows the area on 15 O ctober , shortly after a snowstorm . By 2 1 October, shortl y 
before permanent burial , the snow had melted back so that the only significant snow cover 
(greater than 25 cm thick) was in the lower part of the north-east-facing slope and in a tree
sheltered strip at the south edge of the sou th-east-facing slope (Fig. 3b ) . The late October 
snow line is shown on the base map (Fig. 4) . 
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To achieve synoptic observations, a network of 27 stations was established in the study plot 
with pole markers for identification. The positions of these, too, are shown on the base map. 
On 14January, 10 March and 19 May, basal strength and load measurements were made at 
each station using the snow resistograph and Mt Rose snow sampler. 

During the first interim period one station was carried away and buried by a small 
avalanche; four others were buried in the larger-than-expected snowfall. Since we did not 
have the base map on hand at the time of the March synopsis, the positions of these five 
stations were re-established by estimate. Later survey showed some errors in the estimated 
positions but the data seemed consistent and were used. Also, during the March synopsis, two 
more stations were added, enlarging the total to 29. On the base map, using overlays, isograds 
of systemic strength (SjL ) were drawn for each synoptic period (Figs. 5, 6 and 7). Also mapped 
were the isograds of net gains and losses between each two successive synoptic periods (Figs. 8 
and 9). 

OBSERVATIONS 

From Figures 5- 9 it is quite clear that a general relationship exists between strength 
patterns and slope orientation. 

The spur between the slopes early developed its own narrow ridge of strength. This 
resulted from the prevailing southerly winds which created a line of well-compacted drifts on 
the north side of the spur. With increasing depth of snow cover and progressive basal meta
morphism this initial effect disappeared. 

There was an apparent cyclic rise and fall in the systemic strength of the snowpack with the 
two slopes being about a half-cycle out of phase. This reinforces the bar-graph pattern of 
Figure 2. The January synopsis (Fig. 5) shows a large area of systemic weakness (SjL < 4) on 
the lower part of the north-east-facing slope. By March (Fig. 6) this had strengthened up 
while the south slope had become critically weak and had started to settle. In fact, during the 
synopsis the party experienced sudden collapse of a part of the pack just south of the crest in 
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Fig. 5. Overlay from base map showing 14 January 1968 measurements of strength- load ratio at each station and approximate 
isograds of systemic strength (SIL ). Stippled areas have SIL < 4. 
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Fig. 6. Overlay similar to Figure 5/or 1 0 March measurements. 

8 .7 
X 

the central part of the map. In the May synopsis, the north slope had once again weakened while the exposed south slope had stabilized. Again, the party experienced collapsing snow, this time in the tree-sheltered zone immediately south of the study area. 
Perhaps of most interest is the fact that the lines of zero net change between synoptic p eriods (Figs. 8 and 9) match quite closely the late O ctober snow line. To illustrate this in more quantitative terms, Figure 8 shows 12 stations on the snow side of the snow line. Of these, nine show a gain in systemic strength, three show a loss with a tota l average net gain of 
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Fig. 7. Overlay for ' 9 May measurements. 
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Fig. B. OverlayJrom base map showing isograds oJnet changes in systemic strength (SIL ) which took place betweell 1.1 January 

and 10 March. Also shown is late October snow line (toothed ) Jor com/Jarison with line tif zero net change. 

2 .0 per station. Of the 15 stations on the warm side of the line, 12 show a net loss, three show a 

net gain with a total average net loss of 3.8 per station. 

Figure 9 shows all 12 stations on the snow side of the line displaying a loss which averages 

4.5 per station . Of the 16 stations on the warm side, 12 show a gain , four show a loss, the 

average net gain per station being 4.8. 
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W INTER OF 1968- 69 
Before concluding thi s papel' it shou ld be sa id tha t a n attempt was made lO dupli cale lhe ' 96 7- 68 study the following win ter. This was a fa il ure. The pattern of wea ther and snowfa ll was quite different. The streng th of th e basal snow rose a nd fell at each stat ion in a com ple tely non-synchronous manner. H owever, since synchronous pa tterns did develop during 1968- 69 on some areas not u nder intensive study, i t seemed reasona ble to present the resu lt of the 1967- 68 study a lone, recognizing that even a t bes t it con tains only pa rtial a nswers to the compl ex ques tion of what brings a bout synchronous cri tical weakness over a la rge a rea. 

CONC L USION 

T hese stud ies provide som e quantitative information rela tive to the observed relationship of slope orientation to the seasonal timing of deep slab avalanches. 
It seems certain tha t both the location of the first surviving snow of winter and the cycle of systemic streng th play importa nt interlocking roles in the process . Tha t they a re no t the onl y fac tors is apparen t from the fact that the snow li ne and the li ne of zero ne t cha nge of streng th in this study were, after a ll , no t perfec tly matched. 
Though somewhat repe titous of earli er work, perhaps it is usefu l in closing to list an ideal sequence of events which wou ld favor a winter of widespread d eep slab avalanches on th e January north slope- April south slope pattern discussed in this paper : ( 1) A warm summer and early a utumn ; (2) a series of late a utumn snowstorms a lterna ting with bright cl ear cool weather which removes the snow from the south slopes but allows it to accumulate to considera ble depth and become thoroughly m etamOl'phosed on the north slopes; (3) low tempera tures and rapid accumulation of ea rl y winter snow to overload the weakened basal layer on the north slopes more rapidly than it can accommodate by plasti c subsidence; (4) warm April weather and heavy wet snowstorms to weaken and overload the snowpack on south slopes; (5) continued heavy wet spring snows a nd warm weather to weaken and overload the northfacing slopes for a second cycl e of collapse a nd d eep slab avalanches in M ay. 
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