
2D sheet eeometrv " 
From the calculated current strealn filnc- 

tion F(x, y) in Fig. 3C, we call obtain the  
distribution of local sheet critical current 
densities J,(r) = [(dF/dx)' + ( i iF / i~~)~] ' ! '  
(Fig. 3D).  T h e  values are highly nonuni- 
form, ranging from 10' to  12%/ctn2 o n  a 
l e~ lg th  scale at least 10 tilnes as large as tlne 
average grain size. T h e  percolative nature of 
the  current IS clear, as is the  high suppres- 
sion of J .  within the colonv boundaries. - L 

These bou~ndaries thetnselves are quite non- 
uniform and exhibit noticeable variations 
in J, across tlne b r~dge  o n  the scale of tens of 
micrometers. ,411 exteilded low-Jc region 
lneatlders alollg the center of the  bridge, 
where current loops o n  a scale of many 
grain sizes tend to form. T h e  local Jc ( r )  
values in Fig. 3D correspond to intergranu- 
lar, not  iiltragrail~~lar, cilrreilts because the  
characteristic length scale of 52 to  120 pin 

over which Ji changes is much larger than 
the 5- to  1 0 - ~ i n  T1-1223 grain size. Anal- - 
ogous results were obtained from images 
taken for other temperatures between 9 and - - 
I i K. For instance, the  local J,(r) a t  77  K 
and 24 inT co~l ld  exceed 2 x 12' A/cmL, 
although the  transport J, of the  bridge a t  77  
K and 2 T Ivas reduced to  1.9 x lC4  A/cm2 
hy three colo~ly boundaries. 

REFERENCES AND NOTES 

1 D. H. K ~ r r  et a/. , Physics C 177, a31 (1 99;) 
2. E. D. Spech: et a; ibio. 242, 16a (1995;. 
3. Y. I~ j r ra .  N Tanabe. 0 .  Kohno Y, lkeno Appf. Phys. 

Lett. 60. 769 '19923, X. D Wu eta;., ,bid. 67, 2397 
(1 995). 

a D. C. Larbaestier et a/. ir Applieo S~peiconduct iv~ty 
1995 (Irstltute of PhyslcsConference Seres Ntllnber 
1 a8 1ns:ltu:e of Physics, Ph~ladepha, 19951, vol. 1 
pp. 29-34. 

5. G Batter, M V. Felgel'rran V 5 .  Geshkenoen. A I. 
Lark~n. V. M. V~nokur, Re,). ~Wod. Pliys. 66. 11 25 
(1994); E. H. Brandr, Rep. Pro3. Pliys. 58, ;465 
11995): D. J Sis?op, P L. Galnrnel, D. A Huse. C .A .  
Murray. Sc~ence 255 165 11 992); H Dal. S Yoor, J 
Li t ,  9 .  C. Budhan~ C.  M .  L~eoer, !bid. 265. 1552 
(1 994) 

6. D. Dimos, P Chaudhari J Marnhari. Phys. Re'/. B 
41 a?38 (1 990) N H e ~ r ~ g  eta;, AppI Phys. Lett. 69. 
577 11 9961 . ... 

7 A Polyanski etal.. Phys. Rev. B 53, 8687 i1 996). 
8. J. A. Parrell A A. Po~yanski~. A E. Pash~tskl, D. C. 

Larbalest~e~, Superco~io. Sc!. Tech~io/. 9, 393 (1 996). 
9 D. C Larbalesr~e;. Proceeciihgs of the 70t i~  A i ~ ~ i ~ v e i -  

sary, H I S  l/~/cikshop cn Piiysics r~iaterlafs ano' Ap- 
pl~cations 1World Scent~f~c R~vers Edge, NJ, 1996). 
p 41. 

10 L. A. Dorosnsk etai., Pn)vs/ca C 203, 149 (1 992), C 
A. Duran et at., Rrat~~ie 357. a74 (1992). T i .  Schtls- 
ter, M. 9 Kobl~schka B. Ludescher, H Kronrruller 
J. AGGI. P ~ v s .  72. 14'8 (1992)' N. Nakarrtlra. G .  D. 
G ~ , ' K .  Takimuktl, M .  Mlirakarnl, N Kosii~zuka,Appl. 
Phys Lett 61 . 3 0 4 ~  (1 992). 

11. A. E. Pashtsk~. A. Poyansk~. A. Gurev~cq, J. A. Par- 
rel, D. C. Larbaesier, Physica C 246, 133 (1995): 
Appi. Phys, Lett. 67 2720 (1995) U Welp et a/. , 
iNatd:-e 376, 4L [I 995): Appl Phys. Lett. 66. 1271 
(1 995). 

12. M. Turchnskaya etal. Phys~ca C 21 6. 205 (1 993). 
13 J A DeLuca et a;. . lb~o. 205, 21 11 993). 
14 E D. Specht et a/., i b ~ o  226 76 (1994) 
15. E H Srardt, Phys. Rev B 46, 8628 (1 992) 
16 B. J Rorh. N. G. Sepulveda, J. P. Wikswo Jr 

J Appf. Phys 65, 361 (I 989). 
17. P. D. Grant et a\. . Phys~ca C 229, 289 (1 99a). W 

X~ng. 5 .  Helnr~ch. H. Zhou, A A. F I ;~ .  A. R Cragg, 
J. Appf Phys. 76, 4244 (1994), H N~c~rlescu, A. 
Saenz. M. Khankhasayev P. J. G~elisse, Phys~ca C 
261, 12 (1 996) 

18 9 e ~ 0 n ~ t r t l ~ t l 0 n  of 2D currelit flow patterns In thin 
f i r rs froln MO Irrages. The sheet ctlrrent J(r; ~n tihi11 
i l ~ s  can be expressed oy tthe strearr funct~on F(x 

Tthe Four~er corrponents F(k) and H,(k) are related by 
t?e Blot-Savad law 
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forrr of Eq. 2 yields 
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Equators 1 and 3 In prlrcipe enable tqe local cur- 
rent to be recorsrructed froln HJx, y) obta~ned fl-om 
the MO r a g e  However, Eq. 3 reytllres r tegra t~or  
of HJX )/) over a r  irf~n~:ely large regloll, and H,(x, y; 
car orly be rreasured i r  a f ~ r t e  domain, lrrited oy 
tqe size of tthe MO filrr the lnlcroscope feld of v~ew 
and so font?. Moreover the MO s~gnal is ~eas t l r ed  at 
a *ionzero dstance z, - 5 k m  above the stllface, 
and H,(x )/) re\!~taoIy conrairs shoe-wavelergt? 
r o s e  o r  a scale less tthan z, as a result of lrrperiec- 
tiors Ir the MO f~lm. Because ths  rolse produces 
ficttous 'currents" in Eqs. 1 and 3, we ~ ( s e d  a r o s e  
reduction procedure i15), irterpolaring the d~git~zed 
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rreasuremenrs, $we rewrlte Ec;. 3 ln rthe forln 

r~?ere Ha&) s the magretic f~eld t?at corresponds to 
tthe strealn ftlnci~or F,ly;, and the x axls is drected 
along the br~dge. For lnfinite inregraton ml rs .  Ey 4 

reduces to Eq. 3 for any F,(y) Now we choose H,v) 
such that the m a r  controutlon to the Integral in Ey 
a corres from a 2h o\ 2a rectanale that Includes tile 
region of tthe br~dge (XI i 2,'" T)/I i w where J(r) 
was rec~nstr~rcted (2w IS tqe br~dge w~dtl i ) .  Ths car 
oe done by taking H,b<, r ~ t i ~ c h  glves the oest fit ro 
the rreasured HJx, y) outside the salnple ( ' y l  > w). 
thus greatly lrrprovlng tthe convergence of t?e nte- 
gral n Eq, a and rrakirg ~t pract~caly illdependent of 
a fora > 2w. We set a - b = 4 w a r d  took F,(y) oit?e 
cr~t~cal state lnodel for a str8p for wh~ch F o b  = 
J - w ) a t y  s w  ~ , ( ~ ) = 0 a t ) / 1  >w,and(7)  

Here Ha IS the applied fled, and the averaged critical 
current dens~ty J,, was deterrnlned by i t t8ng t?e 
rreasured H,(x, y) wrh Eq, 5 beyond the brdge, w i 

1 ) )  < 4, Where tqe rfluence of local ntiomogene- 
 ties i r  the f~lms IS weak. For ~nstarce, a currert loop 
of size L produces a field Hir) LIrQt dstance i B 

L so tqe contrbut~on to Hz(( frorr typical ~nhomoge- 
net~es wlth L ;= 0.1 w to 1 . 3 ~  at r = 2w to 3w is only 
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for the long-range character of H,(x y) for tqe sheet 
geometry (79). We made sure tqat J(r; calculated 
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wavelengt? noise currents and thus to rrake t?e 
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weakly depends o r  s. 
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Hillslope Evolution by Bedrock Landslides 
Alexander h. Densmore," Robert S. Anderson, 

Brian G. McAdoo. Michael A. Ellis 

Bedrock landsliding is a dominant geomorphic process in a number of high-relief land- 
scapes, yet is neglected in landscape evolution models. A physical model of sliding in 
beans is presented, in which incremental lowering of one wall simulates baselevel fall and 
generates slides. Frequent small slides produce irregular hillslopes, on which steep toes 
and head scarps persist until being cleared by infrequent large slides. These steep 
segments are observed on hillslopes in high-relief landscapes and have been interpreted 
as evidence for increases in tectonic or climatic process rates. In certain cases, they may 
instead reflect normal hillslope evolution by landsliding. 

Bedrock  la~liisliding is a11 important pro- thresholil (7). Likewise, tnoclels of bedrock 
cess 111 the  evolution of diverse lalldscapes la~ldslides have ignored long-term hillslope 
(1-5). hlost lnodels of la~ldscape evolution, evolution by dlscrete events (8-1 1 ) .  
hon-ever, assume that diff~~sive processes Several factors argue for the  inclusion of 
shape h ~ l l s l o ~ e s  (4 ,  6)  or that slopes are discrete la~ldslides in l a ~ l d s c a ~ e  e v o l ~ ~ t i o n  
instantaneously loivereil above some models. First, rates of landscape evolution 



are dictated hv hot11 the magnitude and tre- 
quency dlstrihution of geomorph~c e ~ ~ e n t s  
(12).  Also, as in other geomol-phic systcms 
(1 3), hillslope morphology ctepencts o n  the 
sequence in ~vh ich  ex-ents have occurred. 
Hillslope profiles, and in particillar steep 
hillslone toes, have been intemreted to re- 
flect challges in channel illcision rate, and 
thus in tectonic or cli~natic process rates 
(14). Finally, lanitslides call he a siynificant- 
1y nonsteadv and 11cx1~111it;>rm source of sed- 
iment to  a flu\-ial system ( 2 .  3).  

W e  descrilie a lnodel of hillslope evolu- 
t ion that involves perturliing a sinall pile of 
grains (15) .  Avalanche experimerlts ha7.e 
collllllollly been performed hy slowly ctrop- 
pillg grains onto  the  top of the  pile (16) ,  
lnilnicking the  special cases of taluses a~lci 
dune slip faces. In  our model, hillslopes are 
driven insteact b\- the more common geo- 
morphic mecha~lisnl of baselevel lowering 
117). ~, 

Sand has been used m ~llost physical 
models of a~.alanching, although Frette i.r 

al. (18) used rice to demonstrate the  impor- 
tance of grain shape anisotropy o n  ava- 
lanche dvnamics and statistics. In  most of 
our experiments, \ve i~sed red he,?ns, \vhich 
are anisotropic (-1.9 cm bv 2.8 cin hv 9.6 

L ,  

cm) and tended to settle k i t h  their 'long 
axes hori:ol~tal, producing cr i~de stratifica- 
tion of the   nod el hillslope (1 9) .  T h e  lieans 
are a n a l q o i ~ s  to blocks of rock \\-hose 
streneth is much higher than the streneth " " 

,of the  boundaries between them. Thus, the  
beans anproxim,?te the  l3ehavior of' ,? rock , 
illass nhose strenyth depenils c111 hot11 the 
shear strength of the  zones of 11-eakness 
~v i th in  it and the  anisotropy of the l~locks. 
In  the  model, the strength of these planes 
did not  c h a ~ ~ g e  \vith time, a l t l ~ o ~ ~ g l l  \ve 
expect that topog~aphic stresseb (16)  and 
~ v e a t h e r i ~ ~ :  should in t imr inoilif\- the  
strength and distril~ution of ~veakness 
'lanes in natural materials. In se\-era1 of our 
ex~~er imen t s ,  we used ~ \ ~ h i t e  l~eans. ~vh ich  
are less anisotropic (-1.G cin by G.6 cln by 
P.5 c n )  thail are red beans. These tended to 
settle in a inore raniiom, less str,?tifieil con- 
figuratic~n, similar to  a sandpile or talus. 

All model slides l~enan  a t  the toe i>f the  n 

hillslope, adjacent to the active lwundary. 
Slides then  propagateii rapidly LILT the  slope, 
so that a large volume of l~eans  1-egan to 
move allnost s im~~l taneous l~ . .  Because slide5 
never initiated awav from the  active Pound- 
ary, the upper hillslope was only modified 

A L. 3ensr-lore 9 S Anderson. 3. G. McAdoo 1nst;tute 
of Tectonics ancl Cecarl--lent of 'a-th Sciences. Lni':er- 
slty of Ca'ifornia Sanra C r ~ z  Sanra Cruz, CA 95C64 
LSA. 
M A. Ellis Center f o  Ca t -13~1a  te 2esearh a-IC n for i ia -  
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by slides propagating from below. This sta- 
liil~ty alloned scarps and steep sections of 
hillslope to develop and persist. In  addition, 
the  shape anisotropy of the red beans r e s ~ ~ l t -  
ect 111 the  forination of coherent itomains of 
grains that enabled the  material to attain 
slopes of up to  99" ( 18). 

T h e  1noJe1 hait two phases of behavior 
during each run: a transient phase, during 
\vhich the  hillslope gradually lengthened 
tc-i~varcl the  back \\-all of the  model (Fig. 1A;  
profiles L1 thro~lgh 5 ) ;  and a steady phase, 
during which the  hillslope lnaintailned a 
co~~s t , ?n t  horizolltal length (Fig. 1A;  profiles 
6 thrinigh 12).  T h e  slide distribution data 
describect helo~v are restricted to the  steaity 
phase (Zc?). 

W e  iiifferentiated hetxveen those sliiles 
that removed beans from the entire hillslope, 
n.hic11 \I-e tern1 "slope-clearing events," and 
those that involveit o111y part of the hill- 
slope. Figure 1C shows a portion of the his- 
tory of laniisllde sizes from a sillgle experi- 
ment. Slope-clearing events (marked by 
dashed lines) occurred o n  average once ev- 
ery 3.6 I 1.3 cin of boundary drop. They 
were separateii from one another by sll~aller 
slides, and often by periods of 110 sliilillg 
(21 ). Slope-clearing events represented less 
than 12"b of all sliiles (Fig. 2A) ,  yet they 
acco~ullted for 70'0 of the mass involved in 
sliciing (Fig. 2B) (22).  

Lo~vering the  active boundary created a 
1-olume of unstable material above ootelltial 

boundary drop and topographic slope, and it 
was reduced by any landslide that occurred. 
Large, slope-clearing events removed beans 
from the  entire hillslooe and thus s~noothed 
the topography, although they d ~ d  not nec- 
essarily leave behi~lit  a uniform slope. Pro- 
file 12 in Fig. 1 A  shows that the  slope 
immediately folloivinp one slope-clearing 
event varied collsiderablv about the  meall 
slope (measured from the' toe of the  slope to  
the ridge crest) of 38". 

Because most model slides were relatively 
small (Fig. ZB), they affected only the area 
near the toe of the hillslope (22).  This con- 
centration of activity created a steep toe 
(Fig. 1A;  especially profiles 5, 7, and 8). 
Larger slides, involving the lower one-half to 
two-thirds of the  hillslope, left a head scarp 
just above their uppermost extent (Fig. 1A; 
especially profiles 7 through 9 ) .  Many steep 
toes and head scarps were underlain by co- 
herent donlaills of closely packed beans. 

111 summary, the  progression from stable 
hillslope, through forlnatioll of a steep loiv- 
er segment, t o  slope-cleallng event and re- 
setting of the  stable slope, repeated itself 
throuehout the  exner~ments.  Most of the  n 

mass leaving the hillslope Jiii so in large, 
infreauent, slone-clear in^ events. Smaller 
slides, restricted to  the  lower part of the  
hillslope, were respons~ble for most of the 
observeil variations in mornholoev. There- ", 
fore, ally ralldom snapshot of a hillslope 
would most likely catch it between slone- 

failure planes that elllergeil at the toe of the  clearing events, and the  hillslope ~vould 
hillslope. This \ -oh~me was an  upper liillit likely have a highly nonuniform slope. 
o n  potential slide size; it illcreased with Slide behavior and hillslope mo~-phology 

Fig. 1. (A) Surface profiles 
from a red-bean experl- 
ment. Profles were record- 
ed every 5.0 cm of bound- 
ary drop. Hlgher numbers 
represent later profiles. (B) 
As In (A), but taken froln a 
whte-bean experiment. (C) 
Par of a tme seres of s d e  
szes from a red-bean exper- 
iment. Slope-clearing events 
are rnarked by the dashed 
vedica lines. Slide sizes are 
bimodally d~str~buted, and 
rnost events are smal! 
(< I00  g), (D) As in (C), but 
taken frorn a whlte-bean 
e x p e r ~ ~ e n t .  Peak slide s~z -  
es are smaller (note change 
t i  scale), and the dlstribu- 
tlon of sizes IS more uni- 
form. Slope-clearing events 
are both Inore frequent and 
smaller than in the red- 
bean exper~ments. 
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differed markedly between the red- and 
white-bean experiments. Coherent domains 
were absent in the white-bean experiments, 
and no scarps more than two grains high 
were observed. Hillslopes tended to be uni- 
form; the steepest sections had slopes of at 
most a few degrees greater than the mean 
slope (Fig. 1B). Slope-clearing events were 
more frequent in white-bean experiments, 
occurrine once Der 2.1 + 0.7 cm of bound- " 
ary drop. Because less material was seques- 
tered in steep segments, and less baselevel 
drop was available to accumulate unstable 
material, these slope-clearing events were 
on average smaller in the white-bean runs 
(Fig. ID). 

We suggest that the differences between 
red- and white-bean experiments were due 
to the differing shape anisotropy of red and 
white beans. The relation between slide size 
and the boundarv d r o ~  since the last slide for , L 

the largest events was best described by a 
slip-predictable model (23). Failure depend- 
ed on a trigger-in this case, the motion of 
the material at the toe of the hillslope (24). 
The size of the event was limited only by the 
amount of unstable material on the hillslope, 
which increased monotonically with bound- 
ary drop. Domains in the red beans formed 
knots that inhibited the propagation of 
smaller events (18). By contrast, hillslope 
toes in the white beans failed more readily, 

and the subsequent slide was more likely to 
be a slope-clearing event (25). 

The geologic settings to which our mod- 
el is most applicable are those in which the 
rock is highly fractured, and in which the 
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Fig. 2. (A) Probability distribution of model slides. 
Slides are from all red-bean experiments (n = 702) 
and are sorted into 2-9 bins. Bars show the prob- 
ability that a slide falls into a particular size bin. The 
solid curve shows the cumulative probability, in 
percent (note that scale is linear, rather than log). 
The vertical dashed line marks the smallest slope- 
clearing event (SCE). Slope-clearing events com- 
prise 10% of the total number of slides. (B) Cumu- 
lative slide mass as a function of the total number 
of slides. The largest 10% of slides accounts for 
70% of the total mass of beans involved in sliding. 
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0 2500 
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Fig. 3. (A) Hillslope profiles along the east bank of 
Redwood Creek, California, digitized from the 
Grouse Mountain, Lord-Ellis Summit, and Maple 
Creek U.S. Geological Suivey 7.5' topographic 
quadrangles. Vertical exaggeration is 2 X.  Profiles 
1 through 3 show distinct inner gorges, whereas 
profile 4 is representative of more uniform slopes. 
(B) Illuminated perspective view of two submarine 
canyons cut into an anticline off the coast of cen- 
tral Oregon. Bathymetry data are from a 
multibeam survey of the fold-and-thrust belt near 
the toe of the Cascadia accretionary prism. Grid 
spacing is 75 m. Scale varies, but the thalwegs of 
canyons 1 and 2 are -3 km apart. Maximum relief 
in canyons 1 and 2 is -300 m and -200 m, 
respectively. Letters A, B, and C mark the loca- 
tions of the cross sections shown in Fig. 3C; ar- 
rows point to the endpoints of each section. (C) 
Profiles across canyons 1 and 2. Vertical exagger- 
ation is 5x. The sections trend north-south, par- 
allel to the strike of the anticline. Sections A and B 
show clearly defined inner gorges, 50 to 100 m 
deep. 

strength of the rock mass is determined by 
the strength of the fractures (8) and the 
anisotropy of the blocks. We compared our 
observations with several examples of hill- 
slopes in actively deforming regions. 

Kelsey (3) described semicontinuous 
steep toes, or inner gorges (typically 50 to 
200 m high) cut into schist and sandstone 
along Redwood Creek in northwestern Cal- 
ifornia (Fig. 3A). In that area, hillslopes in 
competent sandstone (26) fail by episodic, 
bedrock-involved debris slides that are most 
common near the toe of the hillslope (2,3), 
analogous to the bean model. Over a 2.5- 
year period, the largest 10% of landslides 
accounted for 60% of the total landslide 
volume (3). Kelsey (3) outlined conditions 
for the formation of an inner gorge, all of 
which are met by our model; they include 
the presence of a homogeneous rock type, 
continued downcutting at the slope base, 
and sufficient stream power to transport 
material away from the toe of the slope. He 
presented a conceptual model for inner 
gorge formation by parallel slope retreat (3), 
which is inconsistent with the transient 
inner gorges observed in our experiments. 

A set of regularly spaced, headless sub- 
marine canyons have incised into an anti- 
clinal ridge off the coast of central Oregon 
near the toe of the Cascadia accretionary 
prism (Fig. 3B). Steady-state in situ pore 
pressures are too low to induce sapping, and 
the steep canyon walls indicate that turbid- 
ity currents have periodically scoured the 
canyon floor (27). In cross section, several 
of the canyon walls show steep toes (Fig. 
3C). A series of ALVIN dives revealed 
narrow slots on the floors of the canyons; 
the slots average 10 to 20 m high, 3 to 5 m 
wide, and several tens of meters long, and 
have vertical to overhanging walls. These 
observations suggest that bedrock landslid- 
ing is the primary process by which the 
canyon walls evolve. Turbidity currents in- 
cise the canyon floors, forming slot canyons 
and steep toes in the lower reaches of the 
canyons. Small landslides occur near the 
canyon floors, further defining the steep 
toes. Eventually, the canyon walls fail in 
major slope-clearing events (28). 

The Indus River in northern Pakistan is 
incising into gneiss at rates of up to 12 
mm/year in response to tectonic uplift of the 
Nanga Parbat-Haramosh massif (5). Bedrock 
walls in the Middle Gorge of the Indus may 
have slopes of up to 90" for several tens of 
meters above the river level, above which 
slopes are commonly -32" (5). Large land- 
slides have involved entire hillslopes, al- 
though they represent a small percentage of 
the drainage basin. Some tributaries have 
kept pace with the rapid incision of the 
Indus by excavating slot canyons with near- 
vertical walls up to 100 m high surmounted 
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by hillslopes that are much less steep. 
In each of these examples, baselevel lon- 

ering has led to destabilization of the 
hounding hillslopes, resulting in steep toes 
that may coalesce along the channel to 
form inner gorges. Our experiments show 
that an inner gorge may well represent part 
of the natural development of hillslopes, 
rather than indicate tectonic or climatic 
rejuvenation. Because slope-clearing events 
are rare, instantaneous hillslooe orofiles will 

E E 

most likely show the steepened toes formed 
by smaller landslides. The detailed hillslope 
morphology, as well as the gross relief (1 l ) ,  
may thus be a quantitative measure of the 
landscape-scale rock strength, at least in 
cases where this strength is controlled by 
discontinuities. 

Hillslope profiles in the physical model 
are independent of the rate of boundary 
drop; no time scale is involved. We expect 
different system behavior if dynamic forces 
such as earthquakes are introduced, or if 
the strength of the rock Inass is time de- 
pendent. If the rate of generation of low- 
strength fractures and joints is rnuch high- 
er than the rate of stripping, there will 
always be sufficient nlaterial of relatively 
low cohesion to yield deep-seated land- 
slides, and we ~vould expect hillslopes to 
evolve as in our experiments. 
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An Explanation for Earth's Long-Term 
Rotational Stability 

Mark A. Richards, Yannick Ricard, Carolina Lithgow-Bertelloni, 
Giorgio Spada, Roberto Sabadini 

Paleomagnetic data show less than -1000 kilometers of motion between the paleo- 
magnetic and hotspot reference frames-that is, true polar wander-during the past 100 
million years, which implies that Earth's rotation axis has been very stable. This long-term 
rotational stability can be explained by the slow rate of change in the large-scale pattern 
of plate tectonic motions during Cenozoic and late Mesozoic time, provided that sub- 
ducted lithosphere is a major component of the mantle density heterogeneity generated 
by convection. Therefore, it is unnecessary to invoke other mechanisms, such as sluggish 
readjustment of the rotational bulge, to explain the observed low rate of true polar 
wander. 

Movement of the Earth with respect to its 
axis of rotation on long time scales ( lo3  to 
10' years) is called polar wander, as distin- 
guished from shorter term periodic or tran- 
sient fluctuations, which are called wobble 
( 1  ). Assuming that the average paleomag- 
netic axls corresponds to the paleorotation 
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axls, paleomagnetic data can be used to 
rneasure the wath of polar wander over 
continents or plates, which results mainly 
from plate tectonic motions. Paleomag- 
netic data can also be used to rneasure 
polar ~vander with respect to volcanic hot- 
spots, such as Hawaii or Iceland. which 
appear to remain relatively f~xed with re- 
spect to the more rapid global plate mo- 
tions ( 2 ) .  This true polar wander (TPW) is 
generally taken as evidence that the Inass 
redistribution resulting from mantle con- 
vectlon causes relative motion hetween 
Earth's principal inertia axis and the deep 
lnantle source region for hotspots (3) .  
Therefore, the paleolnagnetic record of 
TPW provides a temporal constraint on 
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