
nated authigenic clay minerals in a substan-
tial proportion of highly weathered conti-
nental debris and have important implica-
tions for global controls of elemental cycling. 
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Limits to Relief 
Kevin M. Schmidt* and David R. Montgomery 

Comparison of slope profiles in areas exhibiting widespread bedrock landsliding with the 
use of a model for the maximum size of stable hillslopes established that mountain-scale 
material strength can limit topographic relief. Conventional laboratory values for intact 
rock greatly exceeded integrative rock strength properties that were back-calculatedfrom 
the upper limit to hillslope relief and gradient in the northern Cascade Range and Santa 
Cruz Mountains. Back-calculated strength values, however, were indistinguishable from 
those obtained through field and conventional laboratory measurements on the weakest 
members of each rock formation, as well as on glacial sediments along the Cascade front. 
These results contrast with the conventional assumption that relief is incision-limited and 
indicate that the relief of mountain ranges can reflect landscape-scale material strength, 
as well as the interaction of tectonic and climatic processes. 

Relief is a f~~ndamentallandscape attribute 
that is widely recognized as reflecting the 
interplay of uplift and erosion (1). The role 
of material properties in relief development, 
however, is poorly understood. The con-
ventional view that the relief of natural 
landscapes is incision-limited (2 )  reflects 
the observation that hillslope stability anal-
yses using intact rock strengths predict the 
stability of cliffs kilometers in height (3). 
However, rock mass strength decreases with 
increasing spatial scale, because of the in-
fluence of s~atiallvdistributed discontinui-
ties (4),and it has been unclear whether 
mountain-scale rock strength might be low- -
enough to limit relief in bedrock landscapes 
(1). Through a regional field test of a slope 
stabilitv model. we demonstrate here that 
mountain-scale lnaterial strength can limit 
relief development in bedrock landscapes. 

A model for bedrock landsliding pro-
vides a framework for prediction of the 
maximum size of stable hillslopes or moun-
tain fronts and thereby for the evaluation of 

Department of Geooglca Scences, Unlversty of Wash-
ington, Seattle, WA 98195, USA. 

-To whom corresuondence should be addressed 

the influence of material properties on relief 
development (5). As hillslope relief (H) 
increases, topographically induced gravita-
tional shear stress across potential failure 
surfaces increases until it exceeds material 
strength and landsliding ensues. Culmann's 
two-dimensional, limit-equilibrium, slope 
stability model (6), which has been widely 
applied to unconsolidated deposits ( 7 ) ,pre-
dicts a bounding relation between hillslope 
gradient (p) and relief such that the maxi-
mum hillslope height (Hc)is given by 

4c sinp cos +
H,= -

7 - cos(P - $11 (1) 

where c is cohesion, y is unit weight, and + 
is the internal friction angle. Hoek and Bray 
(8) modified Eq. 1 to incorporate pore wa-
ter pressure, and Schmidt (9) integrated 
seismic accelerations. Assigning a represen-
tative y,we used Eq. 1 to calculate land-
scape-scale c and + from the upper limit to 
the range of p and H within a landscape. 
The actual lnaterial properties of incision-
limited landscapes will exceed back-calcu-
lated values of c and +, which indicates that 
bedrock strength could support deeper val-
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leys. In strength-limited landscapes, howev-
er, back-calculated and actual material 
properties should be equivalent, such that 
observed co~nbinationsof P and H define a 
limit to topographic development (LTD) 
beyond which incision of valley bottoms 
will induce bedrock landsliding that lowers 
peak elevations. 

We analyzed hillslopes composed of the 
Eocene Chuckanut Formation and the over-
lying Quaternary glacial sediments located 
in the western Cascade Range of Washing-
ton state, as well as a sedimentary sequence 
in the Santa Cruz Mountains of central Cal-
ifornia. Widespread deep-seated landsliding 
in each study area implies that the observed 
relief approaches the LTD. We used aerial 
photograph analyses and earlier mapping 
( 10) to identify deep-seated landslides; field 
surveys and measurements from topographic 
maps defined P and H. For each geologic 
sequence, we made a suite of transects from 
ridgetop to valley bottom to establish the 
local relief and maximum gradient (11). We 
fit the LTD for each unit to the upper en-
velope of p and H and used these back-
calculated strength properties to predict the 
LTD both under saturated conditions and for 
horizontal seismic acceleratio~lsof 0.6g. 

In Washington state, we mapped from 
aerial photographs over 585 km2 along the 
United StatesTGanada border, an area en-
compassing the low-relief San Juan Islands as 
well as the higher relief landscape near the 
western flank of Mount Baker. We identified 
34 mountain-front-scale bedrock landslides 
within the Chuckanut Formation (9), a se-
quence of alternating intervals of coarse- and 
fine-grained alluvial strata (12). Tertiary de-
formation compressed the sequence into 
broad northwest-plunging folds and high-all-
gle faults. We differentiated hillslopes into dip 
and anti-dip slopes because large-scale struc-
tural anisotropy provides a strong control on 
l~illslopestrength (13). A plot of P versus H 
for measured transects revealed an arcuate 
upper bound characterizing the maxi~numob-
served topographic expression (Fig. 1). The 
LTD defined by the upper limit of the ob-
served data for anti-dip slopes yielded q!~= 2 l o  
and c = 150 kPa (Fig. l A ) ,  whereas the 
threshold for dip slopes defined lower strength 
values of + = 17" and c = 120 kPa (Fig. 1B). 
In situ measurements with a variably loaded 
sheargraph (14) on weak siltstone interbeds 
produced comparable strength values of I$ = 

27" and c = 26 kPa (9). 
Quaternary glacial sediments in north-

western Washington on the west flank of the 
Cascade Range co~nprisea varied sequence 
of stiff, laminated lacustrine clay overlain by 
outwash sand and gravel and subsequently 
capped by boulder till. We treated the se-
quence as a single material unit in order to 
characterize the regional topographic devel-
opment within glacio-fluvial deposits occu-

pying valley floors. Within this unit, land-
slide thicknesses typically constitute a sub-
stantial proportion of relief, and the move-
ment of landslide toes away from the 
hillslope face decreases post-failure hillslope 
gradients. Where possible, we reconstructed 
pre-landslide geometries from adjacent stable 
hillslopes. The LTD defined by P and H 
values from 178 field-surveyed transects 
along four channels (Middle Fork of the 
Nooksack River, Clearwater Creek, Rocky 
Creek, and Boulder River) yielded back-cal-
culated strength values of 4 = 29" and c = 

20 kPa (Fig. 1C). Mean in situ properties 
measured with a variably loaded sheargraph 
in sandy silt outwash deposits were 4 = 36" 
t 11" and c = 12 -t 9 kPa (9). 

The Santa Cruz Mountains of central 
California experienced widespread landslid-
ing during the (magnitude) 7.1 Lo~naPrieta 
earthquake in 1989 (15). Landslides were 

concentrated in the high-relief, moderate-
gradient, mountainous epicentral region as 
well as along the relatively low relief, high-
gradient coastal cliffs along Monterey Bay. 
We measured hillslope attributes from to-
pographic maps for 82 coseismic landslides 
in a sequence of lithologically similar ma-
rine sedimentary rocks from the Eocene to 
the Pliocene (16). The resulting LTD for 
the dry state yielded strength values of 4 = 
20" and c = 60 kPa. For comparison, tri-
axla1 and direct shear tests on  the hiehlv- ,  
fractured, variably weathered, interbedded, 
and sheared sandstone, siltstone, and shale 
ident~fiedin slip surfaces of deep-seated 
landslides provided estimates of actual ma-
terial strength controlling landslide dis-
c la cement. Averaging values reported for 
fractured shale (17), the most common 
slide-plane material identified in drill cores, 

mean values of I$ = 20" t 6" and 

Slope (degrees) 

Fig. 1.Gradient versus relief for stable hillslopes (a),for landslide sites (01,and for reconstructed prefailure 
geometry of landslide sites (0)composed of three geologic units: the Eocene Chuckanut Formation, 
Quaternary glacio-fluvial sediments, and Eocene-to-Pliocene sediments of the Santa Cruz Mountains. 
Three LTD thresholds are depicted for each unit: dry conditions (solid black curve),saturated conditions 
(thick hatched curve),and horizontal seismic accelerations of O.6g (graycurve).The LTD for the dry case 
was fit to the upper envelope of observations. Back-calculatedstrength properties from the dry case were 
used to investigate the influence of transient fluctuations caused by extreme pore pressures and seismic 
accelerations (8, 9) that temporarily suppress the LTD. (A) Anti-dip slope transects for the Chuckanut 
Formation measured from 1 :24,000-scaletopographic maps. Back-calculatedstrength prope~iesare 4= 

21 " and c = 150 kPa. (B)Dip slopetransects for the Chuckanut Formation measured from 1 : 24,000-scale 
topographic maps. Back-calculated strength properties are b = 17"and c = 120 kPa. (C)Transects for 
Quaternary glacio-fluvia deposits surveyed w~tha hand level, a stadia rod, and tape. Back-calculated 
strength properties are b = 29" and c = 20 kPa. Extreme suppression of seismic LTD results from the 
assumption of coseismic failure plane generation. (D) Landslide sites for marine sedimentary units of the 
Santa Cruz Mountains. Back-calculatedstrength properties are 4= 20" and c = 60 kPa. 
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c = 69 ? 32 kPa. Similarly, mean strength 
properties for all lithologies (shale, silt-
stone, sandstone, and clay) were + = 30" t 
14" and c = 69 -C 32 kPa (17).  

Large earthquakes co~nmonlytrigger land-
slides over areas of lo5 to lo6 km2 (18). T o  
predict the degree of earthquake-induced 
LTD sunnression, we modeled seismic accel-

loosens rock masses and reduces hillslope 
shear resistance, in addition to spatially vari-
able rock properties and saturation frequency. 

T h e  close agreement between strength 
uarameters back-calculated from the LTD 

rock strength depends o n  applied stress 
rate (20) .  Typical strength tests thus over-
estimate material s t r e n ~ t h .because the- ,  

duration of applied stress is orders of mag-
nitude shorter and the  failure lane is 

method and those derived from field and 
laboratory tests of the  weakest members in a 
rock mass indicates that large-scale rock 

orders of magnitude smaller in  surface area 
than  are those for natural hillslopes. 

N o  theorv exists for indeuendentlv ure-.. 
erations as horizontal body forces oriented out 
of the hillslope face (9).  T h e  relative timing 
of failure plane generation, either aseismic or 
coseismic, is crucial to the degree of LTD 
suppression. W e  suspect that most landslides 
within unconsolidated glacial sedi~nentsform 
coseismically, with slip surface inclinations 
dictated by the strong motion magnitude. In 
contrast, failure planes within the Chuckanut 
For~nationand formations of the Santa Cruz 

-
strength may control the regional LTD. 
Values for material properties back-calcu-
lated from the LTD approach are lower 
than those determined by traditional labo-
ratorv analvses o n  intact samules of coher-

, 
dicting the specific LTD f i r  a mountain 
range, but regions with considerable relief 
and steen gradients. such as active tectonic

L -
areas with rapid rock uplift, typically display 
widesuread bedrock landsliding (21 ). I n  

ent  Aateridl but agree with values reported 
for unconsolidated materials and for the  
weakest members of a rock mass (Table 1). 

u 

these areas, rock mass strength rather than 
valley incision rates may limit relief devel-
opment. This control o n  landscape evolu-

Although high c values are common for 
intact rock, material discontinuities can 

tion is crucial to understanding the relation 
between climate, vallev incision, and the  

Mountains are considered to form progressive-
ly. Suppression of the LTD under horizontal 
accelerations of O.6g exceeds that for com-
plete saturation (Fig. 1).  Glacial sediments 
exhibit the highest degree of LTD suppression 
(Fig. 1C)  because failure surfaces are consid-
ered to form coseismically (9). Hence, the 
model imnlies that incised glacial denosits are 

dramatically reduce bulk cohesion. Proper-
ties determined from the  LTD for the  Santa 
Cruz Mountains are equivalent to triaxial 
and direct shear tests (17) o n  fractured 
shale beds within landslide slip surfaces 
(Table 1) .  Additionally, in  situ sheargraph 
tests o n  glacial sediments yield values com-
parable to those given by the  LTD ap-
proach. This agreement between disparate 
methods supports the  fundamental ap-
proach of the  LTD model. 

Although representation of mountain-
scale material properties is essential to  the  
prediction of landscape development and 
landslide hazards, a stark dichotomy exists 
between the  spatial and temporal scales of 
conventional laboratory analyses and the i r  
application to  geologic problems. Small 
samples of intact rock used in laboratory 
tests yield strength parameters that  are 
stronger than  those of the  entire rock 
mass, because the  shear surface is restrict-
ed to  a narrow sampling of the  available 
discontinuities. Furthermore, apparent 

uplift of mountain T h e  attribution of 
late Cenozoic uplift of mountain ranges to 
increased vallev incision and subseauent 
isostatic compeksation (22),  for exaAple, 
assumes that relief can be increased by the 
incision of deeu vallevs. T h e  similaritv be-
tween back-calculated, large-scale, rock 
mass strength properties and engineering 
tests o n  the  weakest members of rock for-
mations implies that bedrock landsliding 
could inhibit valley incision, especially in  
mountain ranges composed of highly de-
formed or weak rock. Although it is recog-
nized that relief reflects the  interaction of 
valley incision and rock uplift, our results 
indicate that landscane-scale rock strength 

-
prone to extensive landsliding during earth-
quakes. T h e  combination of earthquake-in-
duced landslides with measured seismic accel-
erations in the epicentral region of the 1989 
Loma Prieta earthquake provides an  opportu-
nity to test model predictions. Four strong-
motion instruments located throughout the 
epicentral region recorded free-field peak hor-
izontal accelerations from 0.47 to 0.64g during 
the main shock of 17 October 1989 (19). 

may also limit the  relief of mountain ranges. 

Although LTD suppression under horizontal 
accelerations of 0.6g roughly agrees with the 
landslide distribution (Fig. ID) ,  the presence 
of landslides below the seismically suppressed 
regional LTD mav reflect the long-term im-
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(siltstone) 

Hard sedimentary rock 
(sandstone) 

Soft sedimentary rock 
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Santa Cruz Mountans 
Santa Cruz Mountans 

(shale) 
Santa Cruz Mountans 

(shale,ststone, sandstone 
and clay) 

Glacial sediments 
Glacial sediments 

(sandy outwash) 

LTD (this study) 

LTD (thisstudy) 

In situ sheargraph 
measurement (9) 

Laboratory experiments (8) 

Laboratory experiments (8) 

LTD (this study) 
Laboratory experiments (I7) 

Laboratory experments (I7) 

LTD (ths study) 
In situ sheargraph 

measurement (9) 
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Megascopic Multicellular Organisms from the 
1700-Million-Year-Old Tuanshanzi Formation 

in the Jixian Area, North China 
Zhu Shixing and Chen Huineng 

Hundreds of specimens of megascopic carbonaceous fossils shaped like leaves have 
been found at the -1 700-million-year-old Tuanshanzi Formation of the uppermost Pa-
leoproterozoic Changcheng Group (1600 to 1850 million years old) in the Jixian area, north 
China.These leaflikefossils mostly resemblethe Longfengshania;each consists of a blade 
(with spoonlike, lanceolate, or ribbonlike shapes) with a single stipe, a holdfast, or both. 
On the basis of their megascopic dimensions, preliminary differentiation of organs or 
tissues, and possible remains of multicellular structures, they are benthic, multicellular 
algal fossils similar to the longfengshanids. These fossils indicate that multicellular or-
ganisms originated at least 1700 million years ago. 

T h e  emergence of mult~cellularorganisms 
(metaphytes and metazoans) 1s an important 
event In the evolutionary history of Precam-
brian life sslnce the emergence of unicellular" 
eukaryotes. The oldest remains of multicel-
lular organisms are therefore one of the keys 
to the early evolution of life on Earth. A few 
megascopic carbonaceous films of Tyrasotue-
nla from the 1700-million-vear-old Tuans-
hanzi Formatlon of the ChaAgcheng Group 
in the Jixian area, north China, have been 
reported (1) but have not been widely ac-
cepted as mult~cellularorganlslns (2 ,  3). 

In addition to a few samoles of ribbonlike 
and sausagelike megafossils resembling the 
vendotaenids and tawuids, respectively, we 
have recentlv found more than 300 soeci-
mens of megascopic carbonaceous fosslls 
shaped like leaves from the locality and ho-
rizon close to that described in ( I ) .  These 
leafllke megafossils have obvious character-
istics of rnulticellular algae. The megascopic 
carbonaceous remains were found near Tu-
anshanzi Village and its adjacent area 
(40°10'N, 117"27'E), about 20 km northeast 
of Jixian Town (Fig. 1) .  The best-preserved 
svecimens came from the lower Dart (first

L , 

member) of the Tuanshanzi Formation, -44 
to 47 m above its base (Fig. 2).  The Tuan-
shanzi Formation belongs to the Paleoprot-
erozoic Changcheng Group. The group in-
cludes the Changzhougou (conglomerate, 
sandstone), Chuanlinggou (silty and illitic 
shale), Tuanshanzi (muddy and silty dolomi-
crite), and Dahongyu (sandstone, volcanic 
rocks, cherty dolomicrite) formations in as-
cending order, and has a total thickness of 

Tanjin lnsttute of Geology and Mineral Resources, Chi-
nese Academy of Geological Sciences, 4 Eighth Road, 
Dazhigu,Tianjin 300170, People's Republic of Ch~na. 

Fig. 1. Location map and geological map of the 
Jixian area (1, Quaternary; 2, Cambrian; 3, 
Changlongshan-Jing'eryu Formation; 4, Xiamal-
ing Formation; 5, Tieling Formation; 6. Hong-
shuizhuang Formation; 7 ,  Wumishan Formation; 
8, Yangzhuang Formation; 9,Gaoyuzhuang For-
mation; 10,Dahongyu Formation; 11,Tuanshanzi 
Formation; 12, Chuanlinggou Formation; 13, 
Changzhougou Formation; 14,Archean; 15, Me-
sozoic granite; 16, fault; 17, town, village, and 
new fossil occurrences; and 18, Great Wall). 
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