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F i e l d  Guide Day 1: Geomorphic Processes and Landscapes, Van Duzen R i ve r  b a s i n  
! 

! By Harvey Kel  sey, Department o f  Geology, Western Washington U n i v e r s i t y ,  
Be1 1  i ngham, WA and Mary Savi nay Department of Geology, Car l  e t o n  C o l l  ege, 
No r t  h f  i e l  d, MN 

The general  purpose o f  t o d a y ' s  f i e l d  t r i p  i s  t o  show t h e  v a r i e t y  o f  
hi1 l s l  ope processes active in northern Cal i forni a drainage basins. We chose 
t h e  Van Duzen b a s i n  f o r  t o d a y ' s  s tops because i t  has been s tud ied  i n  d e t a i l  
(Kel  sey, 1977, 1978, 1980) and t h e  b a s i n  i s  r e p r e s e n t a t i v e  i n  many ways o f  t h e  
o t h e r  bas ins  i n  t h e  area. I n  t h e  Van Duzen bas in ,  Kelsey has s t u d i e d  
l a n d s l i d e  movement ra tes ,  sediment p roduc t ion ,  t h e  e f f e c t s  o f  t h e  s lope  
movements on t h e  stream channels, and t h e  recovery  o f  t h e  channels f rom t h e  
e f f e c t s  of a  major  f l o o d  i n  December 1964. Tomorrow, we w i l l  1  ook a t  some 
l a n d s l i d e s  i n  Redwood Creek b a s i n  t h a t  a r e  s i m i l a r  i n  process t o  those i n  t h e  
Van Duzen basin.  Groundwater and s lope  movement have been mon i to red  on t h e  
Redwood Creek lands1 ides. 

The Van Duzen b a s i n  and o t h e r  Coast Range bas ins  o f  n o r t h e r n  C a l i f o r n i a  
a r e  t h e  most r a p i d l y  e rod ing  reg ions  o f  comparable s i z e  i n  t h e  U n i t e d  S ta tes  
(Judson and R i t t e r ,  1964; Brown and R i t t e r ,  1971). Most o f  t h e  coas ta l  area 
has undergone recen t  (post-Miocene) u p l i f t  o f  1 mm/yr o r  more. Th i s  u p l i f t  
has most p robab ly  been a  response t o  t h e  nor thward m i g r a t i o n  o f  t h e  
Mendoci no tri p l  e  j unc t i on .  

The Van Duzen bas in ,  s i t e  o f  t o d a y ' s  f i e l d  t r i p ,  i s  t h e  northernmost 
t r i b u t a r y  o f  t h e  Eel R i v e r  and f l ows  i n t o  t h e  Eel a t  a  p o i n t  480 km n o r t h  
o f  San Franc isco.  The two main phys iograph ic  t ypes  i n  t h e  Van Duzen b a s i n  
a re :  1 )  g e n t l y  r o l l  i ng t o  hummocky grass1 ands and grass-oak wood1 ands 
under l  a  i n  by F ranc i  scan me1 ange; and 2 )  more competent f o r e s t e d  s l  opes 
under l  a i  n  by F ranc i  scan sandstone. These a re  a1 so t h e  mai n  phys iograph ic  
t ypes  i n  ne ighbor ing  bas ins  i n  t h e  area. S tud ies  i n  t h e  Van Duzen have focused 
on t h e  q u a n t i f i c a t i o n  o f  a  sediment budget t h a t  summarizes ma jo r  e ros iona l  
and d e p o s i t i o n a l  processes. A major  aspect o f  t h i s  s tudy was t h e  de te rm ina t i on  
o f  t h e  e f f e c t s  o f  t h e  December 1964 f l ood ,  which c rea ted  ma jo r  landscape 
changes i n  t h e  basin.  The e f f ec t s  of t h e  f l o o d  w i l l  be d iscussed a t  t h r e e  
o f  t h e  f i e l d  stops. As an i n d i c a t i o n  o f  t h e  magnitude o f  t h e  1964 event, 
d u r i n g  t h e  t h r e e  days o f  h i ghes t  d ischarge  i n  t h e  Van Duzen, t h e  1964 f l o o d  
accounted f o r  7% o f  t h e  t o t a l  suspended sediment d ischarge  c a l c u l a t e d  f o r  
t h e  35 y e a r  s tudy  per iod ,  1941-1975 (Kelsey, 1977). Suspended sediment y i e l d  
f o r  t h e  Van Duzen bas in ,  averaged f o r  1941-1975, was 2570 t / km2 /y r .  

Road Log: 

0.0 R i g h t  t u r n  f rom campground onto West End Rd. The campground i s  p a r t  o f  t h e  
domest ic wa te r  supply  system f o r  t h e  Humboldt Bay area. The l a r g e  towers 
(about  s i x  o f  them) a r e  s e t  50 t o  100 f e e t  deep i n  t h e  a l l u v i u m  o f  t h e  
l owe r  Mad R i v e r  and pump pure, c l e a r  water  f rom these depths. 

The Mad R i v e r  was named i n  t h e  w i n t e r  o f  1849 by members o f  t h e  D o c t o r  
Jos iah  Gregg p a r t y  t h a t  re -d iscovered  Humboldt Bay a  few days a f t e r  
c r o s s i n g  t h e  Mad R iver .  E v i d e n t l y  th roughout  t h e  exped i t i on ,  Dr. Gregg, 
who wanted t o  make s c i e n t i f i c  observat ions,  b a t t l e d  w i t h  h i s  men, who 
wanted t o  keep moving. As one member o f  t h e  e x p l o r a t i o n  company r e l a t e s :  



"The Doctor  wished t o  asce r ta in  the  l a t i t u d e  o f  t he  mouth of the  
r i v e r ,  i n  order he rea f te r  t o  know where i t  was. This was, of course, 
opposed by the  r e s t  of the  company. Regardless o f  t h i s  opposi t ion,  
he proceeded t o  take h i s  observat ion. We were, however, equa l l y  
obs t i na te  i n  adhering t o  the  determi n a t i o n  o f  proceedi ng w i thout  
delay. Thus decided, our animals were speed i ly  crossed over,  and our 
b lankets  and ourselves placed i n  canoes - which we had. procured from 
t h e  Ind ians  f o r  t h i s  purpose - ready t o  cross. As t h e  canoes were 
about pushing o f f ,  the  Doctor, as i f  convinced t h a t  we would ca r ry  
our de terminat ion  i n t o  ef fect ,  and he be l e f t  behind, h a s t i l y  caught 
up h i s  instruments and ran  f o r  t h e  canoe, t o  reach which, however, he 
was compelled t o  wade several steps i n  t h e  water. H i s  cup o f  wrath 
was now f i l l e d  t o  the  brim; bu t  he remained s i l e n t  u n t i l  t h e  opposi te 
shore was gained, when he opened upon u s  a p e r f e c t  b a t t e r y  of t h e  
most w i the r ing  and v i o l e n t  abuse. Several t imes du r ing  t h e  
e b u l l i t i o n  o f  the  o l d  man's passion he indulged i n  such i n s u l t i n g  
language and comparisons t h a t  some o f  t he  par ty ,  a t  bes t  not  t o o  
amiable i n  t h e i r  d i spos i t i on ,  came very near i n f l i c t i n g  upon him 
summary punishment by consigning him, inst ruments and a1 1, t o  t h i s  
b e a u t i f u l  r i v e r .  For tunate ly  f o r  t he  o l d  gentleman, p a c i f i c  counci 1 s 
p reva i led ,  and we were soon ready and o f f  again. This  stream, i n  
commemoration o f  the  d i f f i c u l t y  I have j u s t  re la ted ,  we c a l l e d  Mad 
River."  (quoted i n  Coy, Owen C., 1929, p. 41) 

A t  a l l  o f  today 's  f i e l d  stops, we w i l l  examine the  e f f e c t s  o f  t h e  
December 1964 storm and f lood.  A t  t h e  U.S.G.S. gaging s i t e  on t h e  Mad 
R i v e r  a t  our campground, t h e  suspended sediment load recorded f o r  t he  14 
days du r ing  and a f t e r  the  f l o o d  was seven t imes t h e  average annual 
sediment t ranspor t  f o r  t he  year 1958 through 1962. 

1.1 Rai l road c ross ing  

1 - 4 5  R igh t  onto overpass; t u r n  l e f t  onto Rte. 299 west 

2.2 Take Highway 101 south 

2.8 Marine t e r r a c e  deposi ts  (La te  P le is tocene)  i n  b l u f f s  on l e f t .  The town of 
Arcata i s  b u i l t  on a t  l e a s t  t h ree  marine terraces.  However, e ros ion  as w e l l  
as landscaping has obscured most o f  t h e  o r i g i n a l  t reads and scarps. To t h e  
west i s  Arcata Bay, t he  nor thern  p a r t  o f  Humboldt Bay. Four p r i n c i p a l  
streams e n t e r  Humboldt and Arcata Bays. From n o r t h  t o  south, these are  
Jacoby Creek, Freshwater Creek, E l k  R ive r  and Salmon Creek. Some of t h e  
stops on Day 3 o f  t he  f i e l d  conference w i l l  be i n  t h e  Jacoby Creek 
drainage basin, which dra ins  the southeastern p a r t  o f  t he  town of Arcata. 

5.7' Crossing bottomlands o f  Humboldt Bay. These were a1 1 t i d a l  f l a t s  u n t i l  
they were blocked o f f  by the  highway and dra ined f o r  pasture and 
residences. Humboldt Bay i s  the on l y  reasonably we1 1 -p ro tec ted  harbor  
between San Francisco and the  Oregon Border. Much e x p l o r a t i o n  of t he  
no r the rn  C a l i f o r n i a  coast  had taken p lace before  Humboldt Bay was 
r e - d i  scovered i n  t he .  mid-ni neteenth century. An e a r l y  f u r  t r a d e r ,  Capt. 
Jonathan Winship, may have s a i l e d  i n t o  t h e  Bay i n  1806, b u t  t h e  Bay 



and surrounding coast were bypassed by subsequent s e t t l e r s .  I n  f ac t ,  
T r in idad,  about 15 km no r th  of Arcata, i s  t h e  o ldes t  set t lement  i n  t h i s  
p a r t  o f  Humboldt County. The Bay was named a f t e r  t h e  German n a t u r a l i s t ,  
Baron Alexander von Humboldt, by t h e  crew o f  a c l i p p e r  ship, t h e  Laura 
V i r g i n i a  t h a t  crossed the  bar  i n  1850. Humboldt never saw the  bay. 
(Humbol d t  Bay Mar i t ime Museum, 1984) 

9.7 T ida l  f l a t  sculptures.  

11.0 Nor th  edge o f  Eureka. Both Eureka and Arca ta  con ta in -  numerous examples o f  
V i c t o r i a n  house and business a rch i tec tu re .  The r e c t i l i n e a r  s t r e e t  
pa t te rns  o f  Eureka were l a i d  out by speculators on p lanning maps i n  San 
Francisco i n  the e a r l y  1850s. I n  t he  n ine teenth  century,  Eureka was a 
cen te r  o f  commerce and t rade f o r  t he  T r i n i t y  R ive r  mines. Today, t he  main 
i n d u s t r i e s  are  t imber  and wood products, government, f i s h i n g ,  and tourism. 
The popu la t ion  o f  Eureka i s  approximately 40,000. Tota l '  popu la t i on  o f  
Humboldt County i s  about 100,000. 

11.4 Look t o  t h e  r i g h t  (west) i n t o  Old Town Eureka f o r  glimpses o f  Vict :or ian 
bu i l d ings .  Two S t r e e t  i n  Eureka i s  one o f  t h e  most i n t e r e s t i n g  p a r t s  o f  
urban Humbol d t  County. 

12.8 Su l fu rous  smoke from pulp m i l  1s t o  west. 

13.8 More t e r r a c e  depos i ts  on l e f t ,  across from Olympic Motel. 

14.4 F o r t  Humboldt h i s t o r i c a l  s i t e  t o ' l e f t .  U. S. Grant was s ta t i oned  here 
be fo re  t h e  C i  v i  1  War and repo r ted l y  began d r i n k i n g  heav i ly ,  perhaps 
because o f  t he  depressing e f f e c t s  o f  t h e  weather. 

15.5 E l k  R ive r  interchange. Well-preserved marine t e r r a c e  l e v e l  east  of t h e  
highway. 

16.1 Humboldt Bay Power Plant .  This  p l a n t  was o r i g i n a l l y  designed as a 
dual-purpose nuclear  and f o s s i l  f u e l  p lan t ,  but  has been runn ing  on ly  on 
f o s s i l  f u e l  s ince  1975, when t h e  nuclear  f a c i l i t y  was c losed due t o  
concerns about seismic hazard. The p l a n t  was chal lenged i n i t i a l l y  by a 
c i t i z e n s  group concerned about earthquake s t a b i l i t y .  Geologic 
i nvest i g a t  ions conducted f o r  P a c i f i c  Gas and E l e c t r i c  Company by 

, Woodward-Clyde Consul t ants (1980) conf i rmed La te  P l  e i  stocene d i  spl  acements 
on t h e  L i t t l e  Salmon Fau l t  2.5 km south o f  t h e  p l a n t  and a l so  discovered 
t h a t  L a t e  P le is tocene u n i t s  were d isp laced by t h e  Bay Entrance Fau l t ,  
which runs beneath the  p l a n t  s i t e ,  a  few hundred meters from t h e  r e a c t o r  
(see Fig. 2) .  Plans f o r  decommissioning t h e  nuc lear  power p l a n t ' a r e  now 
underway, a process being watched c l o s e l y  by observers nat ionwide, s ince 
i t  i s  one o f  t he  f i r s t  nuclear  power p l a n t s  t o  be decommissioned i n  ' the 
country. 

T ida l  depos i ts  and the  mouth o f  E l k  R ive r  are ahead on the  r i g h t  (west). 

17.7 F i e l d s  Landing, one o f  t he  main p o i n t s  o f  expor t  o f  l ogs  t o  Japan. The 
1 ogs are m i l  l e d  i 'n Japan, where advanced m i  11 i ng f a c i l i t i e s  have been 
constructed,  and then the  planks are shipped back t o  t h e  Un i ted  States. 



F i g u r e  2. Locat ion  map showing major  f a u l t s ,  f o l d s ,  and 
mar ine and f l u v i a l  t e r r a c e  sur faces ( s t i p p l e d )  i n  t h e  f i e l d  
conference area. 



Boat b u i l d i n g  and s torage,  and commercial and c h a r t e r  f i s h i n g  a r e  t h e  
o t h e r  main i n d u s t r i e s  i n  F i e l d s  Landing. 

19.2 Across t h e  Bay, Table B l u f f  i s  a  prominent mar ine  t e r r a c e  sur face ,  warped 
i n t o  an a n t i c l i n e .  It i s  t h e  most prominent o f  a  s e r i e s  o f  east -west  
t r e n d i n g  a n t i c l i n e s  i n  Humboldt County, r e l a t e d  t o  no r t h - sou th  compression 
assoc ia ted  w i t h  t h e  Mendocino t r i p l e  j u n c t i o n  (see F ig .  2) .  Gas w e l l s  
have been d r i l l e d  a long t he  a x i s  o f  t h e  a n t i c l i n e  a t  Thompkins Hi1  1,  t o  
t h e  eas t  o f  Highway 101. 

20.8 Eroded t e r r a c e  depos i t s  t o  l e f t .  

22.4 Highway c l i m b s  over  Table B l u f f  a n t i c l i n e .  

23.9 A t  c r e s t  o f  h i l l ,  over look o f  Eel R i v e r  mouth t o  west ( r i g h t ) .  The l owe r  
Eel  R i v e r  runs i n  a  major  east-west t r e n d i n g  sync l i ne ,  which c o n t a i n s  
approx imate ly  2700 m o f  sediment depos i ted  i n  t h i s  ma jo r  depocenter  s i n c e  8857 ' 
t h e  mid-Miocene (F ig .  2). E v i d e n t l y ,  t h e  b a s i n  subsided n e a r l y  
con t i nuous l y ,  as o n l y  a  few uncon fo rn i i t i es  ... have been found i n  t h e  
sediments. Almost a l l  o f  t he  i n t e r e s t  i n  o f f s h o r e  o i l  i n  n o r t h e r m o s t  
C a l i f o r n i a  has been centered on t h e  Eel  R i v e r  bas in ,  and t h e r e  i s  a  g rea t  
p o t e n t i a l  f o r  c o n f l  i c t  between o i  1  i n t e r e s t s  and f i s h e r i e s  resources. 

25.6 Fernda le  e x i t .  The v i l l a g e  o f  Fernda le  has preserved n e a r l y  a1 1  o f  i t s  
V i c t o r i a n  a r c h i t e c t u r e .  It i s  on t h e  sou th  s i d e  o f  t h e  Eel R i v e r ,  
connected t o  t h e  main highway by a  smal l  road  go ing ove r  Fernbr idge ,  which 
y o u  can see t o  t h e  west a  l i t t l e  pas t  t h e  e x i t .  The Eel R i v e r  V a l l e y  near 
Fe rnb r i dge  has been famous f o r  i t s  d a i r y  i n d u s t r y  f o r  more t h a n  100 years.  
The v a l l e y  i s  so wide a t  t h i s  p o i n t  t h a t  t h e  1964 f l o o d  t h a t  devas ta ted  
niuch o f  t h e  upper Eel Va l l ey  d i d  no t  t ake  ou t  Fernbr idge  because t h e  water  
slowed down and spread out i n  t h e  l o w e r  Eel  Val l e y .  

A tremendous amount o f  sediment was t r a n s p o r t e d  ou t  o f  t h e  Eel R i v e r  
b a s i n  d u r i n g  t h e  December 1964 f l ood .  Fo r  ins tance ,  based on U.S.G.S. 
gage records  a t  Sco t ia ,  on l y  20 km upstream o f  Fernbr idge,  t h e  Eel  R i v e r  
t r a n s p o r t e d ,  d u r i n g  t h e  30-day p e r i o d  December 23, 1964 t o  January  23, 
1965, 51% of t h e  e n t i r e  suspended sediment d i scha rge  f o r  t h e  10  y e a r  
p e r i o d  1958 t o  1967 (Brown and R i t t e r ,  1971). The e x t e n t  
o f  aggrada t ion  i n  t h e  Eel  R i v e r  V a l l e y  can be seen f rom ove r l ooks  i n  t h e  
nex t  few mi les .  I n  t h e  n i ne teen th  cen tu r y ,  it was p o s s i b l e  t o  nav iga te  
s h i p s  as f a r  upstream as Fernbr idge,  where a  p o r t  was l oca ted .  Of t h e  
ma jo r  r i v e r  bas ins  i n  t h e  Un i t ed  S t a t e s  where sediment d ischarges  have 
been mon i to red  by t h e  U.S.G.S., t h e  Ee l ,  a long  w i t h  Redwood Creek, has 
t h e  h i g h e s t  average annual suspended-sediment y i e l d  p e r  square mi 1  e  of 
d ra inage  area (Brown and R i t t e r ,  1971). 

26.7 Ter race  d e p o s i t s  on l e f t  (eas t ) .  

28.7 Fo r t una  b r idge .  Fortuna, east  o f  t h e  highway, i s  t h e  t h i r d  l a r g e s t  c i t y  
i n  Humboldt County. The highway t u r n s  sou th  and crosses t e r r a c e s  a t  t h e  
mouth o f  t h e  Van Duzen River .  The l owe r  Van Duzen R i v e r  f l o w s  a1 ong t h e  
a x i s  o f  an east-west t r e n d i n g  a n t i c l i n e .  Ter races  a long  t h e  n o r t h  s i d e  of 
t h e  Van Duzen tilt toward t h e  no r t h ;  those  t o  t h e  sou th  o f  t h e  r i v e r  t i lt 



t o  the south. The south-ti l t ing terraces will be most v is ib le  t h i s  
afternoon as we emerge from the Van Duzen basin. 

30.0 Good view t o  east  on the skyline of northward t i l t i n g  te r race  level. 

31.1 Strath terrace on l e f t .  Alluvial sediments are deposited on top of eroded 
Neogene conglomerates and sandstones. In some exposures, the difference 
between the t i l t  of the beds beneath the s t r a th  surface and the t i l t  of 
the s t ra th  i s  particularly clear. 

31.8 .Across the Eel River t o  the south are the edges of the south-dipping 
terraces. 

32.4 Alton 

32.7 Turn l e f t  onto Highway 36 (follow signs t o  Bridgeville). The route 
followed by, Highway 36 in the lower Van Duzen River basin i s  the original 
stage coach route for  t r a f f i c  between Eureka and San Francisco. Northbound 
stages from San Francisco original ly fo l l  owed d i  r t  roads northward a1 ong 
north-trendi ng Coast Range ridges, rather than fo l l  owing the densely 
vegetated r iver  val leys. 

33.0 Stee l y  d ipp ing  Neogene Wi ldcat  Group beds crop ou t  on l e f t ;  they  d i p  more ! steep y than the terrace surface they underly. Kelsey in terpre ts  t h i s  to  
be a Van Duzen River terrace,  n o t  an Eel River terrace. The road will 
gradually climb onto t h i s  surface. 

34.2 To south ( r i g h t )  i s  the Van Duzen River, eroding the south valley wall 
into Pleistocene sediments. The Van Duzen i s  named a f t e r  a Mr. Van Duzen, 
who was a member of the Dr. Josiah Gregg party. After nearly drowning Dr. 
Gregg a t  the mouth of the Mad River in l a t e  1849 (see discussion mile 
0.00), the party "re-discovered" Humboldt Bay jus t  before crossing the Van 
Duzen River. The vegetation differences observable from the road ref lect  
microclimate control of north- and south-facing slopes. Timber on the 
slopes to  the south i s  a l l  second growth. Isolated patch cuts  are second 
harvest, beginning third growth. 

35-2 The alluvial  veneer on the terraces i s  probably f ive t o  eight  meters 
thick. 

35.4 The town of Hydesville i s  located on the lower of two prominent t i l t e d  
surfaces. The scarp of the higher surface, t i l t e d  to  the north, i s  
vis ible  ahead. Hydesville's original name was Goose Lake, a f t e r  an 
undrained depression on the back-tilted edge of the lower terrace.  

35.5 Right turn 

36.2 View t o  l e f t ,  u p  Yager Creek valley. The road crosses a number of 
terraces of Yager Creek. To the north of the road, Yager Creek terraces 
are  of fse t  by the WSW-trending Goose Lake fau l t  scarp. The f a u l t  shows 
two d is t inc t  zones of reverse faul t ing,  the most recent displacement being 
younger than 16,000 yrs. (Woodward Clyde Consultants, 1980). The Goose 
Lake fau l t  i s  part of the L i t t l e  Salmon faul t  system, the western margin 
of which passes close t o  the Humboldt Bay nuclear power plant. 



36.8 Road crosses l a s t  o f  t h e  te r races .  Some o f  t h e  l a s t  rema in ing  o l d  growth 
i n  t h e  Van Duzen b a s i n  i s  present  upstream i n  Yager Creek V a l l e y  t o  t h e  
l e f t .  

37.0 Hogback o f  r e s i s t a n t  S c o t i a  B l u f f s  Sandstone on s k y l i n e  ahead. 

37.4 A t  11 o ' c l o c k ,  one of t he  two notches i n  t h e  ' s k y l i n e  i s  t h e  L i t t l e  
Salmon F a u l t .  The o t h e r  i s  another  f a u l t  branch. 

37.6 Cross ing  Yager Creek; town o f  C a r l o t t a .  

37.9 Good view o f  Van Duzen f l o o d p l a i n .  Much o f  t h i s  area was inundated i n  
t h e  1964 f l ood .  

38.3 The t e r r a c e s  a t  t h e  f o o t  o f  t h e  h i l l s i d e  on t he  l e f t  ( a t  10 o ' c l o c k )  do 
n o t  c o n s i s t  o f  Van Duzen R i v e r  deposi ts .  These a re  eroded remnants of 
d e b r i s  fans f rom l a n d s l i d e s  i n  smal l  t r i b u t a r i e s  o f  the .Van Duzen. 
Earthquakes may have tri ggered these d e b r i  s  re1 eases. 

42.3 View o f  Van Duzen t o  r i g h t  (sou th ) .  

43.6 O ld  growth t r e e s  o f  Pampl in Grove. 

44.2 The Van Duzen R i v e r  i n  t h i s  reach has l a r g e  meander bends where i t  c u t s  
t h rough  e r o d i b l e  T e r t i a r y  depos i t s  o f  t h e  Wi ldca t  Group t h a t  were 
depos i t ed  on t o p  o f  t h e  Yager Format ion (La te  Cretaceous t o  Eocene 
sedimentary rocks o f  t h e  Coastal  Be1 t Franc iscan) .  Upstream, where t h e  
r i v e r  c u t s  through t o  t h e  l e v e l  of t h e  Yager, t h e  course i s  much 
s t r a i g h t e r ,  t h e  v a l l e y  i s  narrower and t h e  stream g r a d i e n t  i s  s teeper  
(F igs .  3  and 4). 

44.4 Lower t e r r a c e  ( r i g h t )  and upper t e r r a c e  ( l e f t ) .  

45.0 Van Duzen County Park 

45.4 F i r s t  o f  two b r idges  cons t ruc ted  as road crosses two meander bends. To 
1  e f t  i s  a  good view o f  marine sediments o f  t h e  W i l dca t  Group. Th i s  grove 
i s  ma in ta ined  by t h e  Nature Conservancy as a  research  grove f o r  t h e  
U n i v e r s i t y  o f  C a l i f o r n i a .  

46.1 Second o l d  b r idge .  Deb r i s  s l i d e  a t  3  o ' c l ock .  

47.0 R i v e r  emerges f rom narrow v a l l e y  upstream where i t  f l ows  th rough t h e  
Y ager  format  ion. Most o f  t h e  r i  p a r i  an v e g e t a t i o n  i s  post-1964. 

48.1 E n t e r i n g  narrow p a r t  of r i v e r  v a l l e y .  The d e b r i s  s l i d e s  on v a l l e y  s ides  
i nvo l  ve Yager Fm. bedrock; they  are. no t  s o i l  s l  i ps .  

49.0 G r i z z l y  Creek Redwoods S ta te  Park. Th i s  s t r e t c h  o f  road,, c a l l e d  Dead 
Horse Grade, runs a long  a  narrow canyon reach t h a t  i s  l i n e d  w i t h  d e b r i s  
s l  ides.  



F igu re  3. Out1 i ne map o f  Van Duzen R i v e r  bas in ,  showing 
1 oca t i ons  o f  f i e l d  stops, Day 1. Note change i n  s i n u o s i t y  
downstream o f  Stop 1. 
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Figure  4. Longitudinal p r o f i l e  of Van Duzen River,  showing 
r e l a t i o n  of g r ad i en t  t o  l i t h o l o g y .  F igure  from Kelsey. 



49.1 STOP 1 - DEBRIS SLIDES AT DEAD HORSE GRADE. 
P u l l  o f f  t o  r i g h t  a t  pa rk i ng  l o t  above bend i n  r i v e r  c a l l e d  D e v i l ' s  Elbow. 
We w i l l  l ook  a t  the  d e b r i s  s l i d e s  on t he  south v a l l e y  w a l l  from t h e  
pa rk i ng  l o t  and then  walk back a long t h e  road t o  a  c a t e r p i l  l a r  t r a i l  a long 
t h e  n o r t h e r n  embankment. 

USE EXTREME CARE WHEN WALKING ALONG THE HIGHWAY, CROSSING THE ROAD, AND 
CLIMBING ON THE EMBANKMENT. 

Features , t o  note a t  t h i s  s top  i n c l u d e  t h e  s ize ,  geometry, and 
t h i ckness  o f  t h e  d e b r i s  s l i d e s .  A v a r i e t y  o f  processes, i n c l u d i n g  bo th  
s l i d i n g  and sediment f low,  a re  apparent f rom scars. Many o f  t hese  s l i d e s  
have t h e  c a p a b i l i t y  o f  damming t h e  r i v e r  and a f f e c t i n g  f l u v i a l  processes. 
The d e b r i s  s l i d e s  and f l ows  almost a1 1  occur  below a  convex break i n  
s lope, i n  what many authors  have c a l l e d  t h e  " i n n e r  gorge" ( see  Road Log, 
day 2, m i l e  22.6). A t  l e a s t  one o lde r ,  revege ta ted  l a n d s l i d e  s c a r  can be 
seen across t h e  channel. 

The types o f  l a n d s l i d e  present  a t  t h i s  s top  a r e  assoc ia ted  most 
commonly w i t h  l i t h o l o g i e s  w i t h i n  t h e  Franc iscan assemblage 
t h a t  produce s o i l  and co l1uv ium w i t h  r e l a t i v e l y  low c l a y  c o n t e n t s  and h i g h  
sand contents .  Debr is  s l i d e s  and f l o w s  a r e . t h u s  found most o f t e n  i n  areas 
u n d e r l a i n  by sandstone, greenstone, and s c h i s t .  The exposures i n  t h e  
roadcu ts  and along t he  t r a c t o r  t r a i l  a t  t h i s  l o c a t i o n  show cons ide rab le  
v a r i a b i l i t y  w i t h i n  t h e  Yager sandstone, e s p e c i a l l y  i n  shea r i  ng and sha le  
content .  

Above t h e  bedrock a re  s c a t t e r e d  patches o f  co1luvium. The s i z e ,  
geometry, and degree- o f  weather ing o f  these patches .vary.  We wi 11 see 
more patches o f  co l l uv i um t h i s  a f t e rnoon  on t h e  Larabee B u t t e s  access road 
where they f i  11 bedrock h o l l  ows. 

F i g u r e  5 shows t h e  d i s t r i b u t i o n  o f  d e b r i s  s l i d e  lands1 i d e s  a long  a  
reach o f  t h e  Van Duzen R i v e r  f u r t h e r  upstream be fo re  and a f t e r  t h e  1964 
f lood. Major  storms, such as t h a t  assoc ia ted  w i t h  t h e  1964 f l o o d ,  g r e a t l y  
i nc rease  d e b r i s  s l i d e s  and f l ows  i n t o  t h e  ma jo r  r i v e r s .  D u r i n g  t h e  
35-year p e r i o d  1941-1975, d e b r i s  s l  i d e s  and assoc ia ted  shal  low, 
r a p i d l y  moving s lope f a i l u r e s ,  such as we see here  a t  Dead Horse Grade, 
c o n t r i b u t e d  17% of t o t a l  sediment t o  t h e  Van Duzen R i v e r  f r om l e s s  t han  
1% o f  t h e  t o t a l  bas in  a r i a .  The r e l a t i o n  o f  d e b r i s  s l i d e s  t o  channel 
aggradat i o n  and subsequent channel recovery  wi 11 be d i  scussed a t  Stop 
5  t h i s  a f ternoon.  

We p l a n  t o  leave Stop 1 a t  10:30 a.m. 

49.6 G r i z z l y  Creek c ross ing  

50.2 Terrace remnant on l e f t  

50.5 Cable f o r  gaging s t a t i o n .  F i gu re  17 shows changes i n  t h e  channel a t  t h i s  
c ross -sec t  i o n  s ince  1965. S i g n i f i c a n c e  o f  these changes wi 11  be d iscussed 
a t  s top  5  today. 



F igu re  5. Comparative a e r i a l  photos, taken i n  1963 and 1966, showing d e b r i s  
s l i d e s  and avalanches t h a t  occurred i n  1964 upstream o f  a 1 ands l  i d e  dam 
(shown by wh i te  arrow on l e f t  photo). Van Duzen R ive r  f lows f rom r i g h t  t o  
1 e f t .  Confluence o f  t h e  South Fork Van Duzen i s  i n  t h e  c e n t e r  o f  t h e  r i g h t  
s i d e  o f  t he  photos. Photos from Kelsey, 1977. 



Figure 6. Comparative.  a e r i a l  photos ,  t aken  i n  1963 and  1966, showing d e b r i s  
s l i d e s  t h a t  occur red  a long  a  3.5 km reach of t h e  Van Duzen R ive r  dur ing  
t h e  1964 f lood  (a r rows) .  F i s h  Creek, s i t e  of a  1964 d e b r i s  t o r r e n t ,  e n t e r s  
t h e  Van Duzen from t h e  south.  Pepperwood F a l l s ,  l o c a t i o n  of t h e  surveyed 
c r o s s - s e c t i o n s  i n  F igu re  1 5 ,  i s  a t  t h e  downstream ( l e f t )  end of this reach. 
Photos f rorn Kelsey ,  1977. 



50.7 New b r i dge  over t he  Van Duzen where the  road has been s t ra igh tened.  The 
o l d  b r idge ,  however, w i l l  be saved because i t  i s  a h i s t o r i c a l  landmark, 
one of t h e  f i r s t  re in fo rced concrete arch br idges  i n  t h i s  area. 

51.3 Dunn Creek on r i g h t .  This  small drainage was moni tored by Kel  sey du r i ng  
t h e  1975 and 1976 seasons. 

51.9 Swains F l a t ,  a  prominent s t r a t h  ter race.  

52.1 Debris '  avalanche a t  9  o ' c l o c k  dammed t h e  Van Duzen r i v e r  i n  1941 f o r  a 
b r i e f  t ime. The v a l l e y  a t  t h i s  p o i n t  was wide enough so t h a t  t h e  r i v e r  
was q u i c k l y  d i v e r t e d  around t h e  end o f  t h e  l a n d s l i d e  toe. Had t h e  
avalanche occurred o n l y  100 m f u r t h e r  downstream i n  t h e  narrow canyon 
reach, a s izeab le  lands1 i d e  dam would have t o t a l l y  blocked t h e  r i v e r .  

52.2 Good view of the  contac t  between Yager Formation (unde r l y i ng  t h e  steep 
s lopes)  and Franci  scan Assemblage (unde r l y i ng  t h e  g e n t l e  s l  opes t o  l e f t ) .  
These u n i t s  are i n  con tac t  a long t h e  Freshwater Fau l t .  

52.6 Th i s  t r a i l e r  cou r t  was under water i n  1964. 

52.9 Van Duzen Br idge 

53.0 VFW h a l l ,  Pepperwood F a l l s .  Th is  w i l l  be t h e  f i n a l  s top  (Stop 5 )  o f  t h e  
day. 

53.4 Exposure on l e f t  i n  a s t r a t h  t e r r a c e  shows t h e  contac t  o f  bedrock w i t h  
sediments. There are  two te r races  between Pepperwood F a l l s  and L i t t l e  
Golden Gate Bridge. The lower t e r r a c e  matches up w i t h  Swains F l a t .  

53.8 Va l l ey  a t  3 o ' c l o c k  i s  F i sh  Creek, s i t e  o f  a  d e b r i s  t o r r e n t  i n  1964 (see 
Fig. 6 f o r  be fore  and a f t e r  p i c t u r e s  o f  t h e  d e b r i s  t o r r e n t ) .  

54.1 Topography on Franciscan melange, s t r a i g h t  ahead. 

54.5 Bedded Yager fo rmat ion  i n  roadcuts t o  l e f t .  A t  1 o ' c l ock ,  prominent rock 
i s  Goat Rock, a l so  i n  t h e  Yager, a t  t h e  base o f  Donaker e a r t h f l  ow i n  
Franc i  scan me1 ange. 

55.1 STOP 2 - DONAKER EARTHFLOW Turn o f f  a t  park ing  area on r i g h t .  We w i l l  
walk partway up t h e  ea r th f l ow  and then f o l l o w  a pa th  f rom t h e  pa rk ing  area 
t o  an over look o f  t h e  toe. This  ea r th f l ow  was moni tored by Kel  sey, who 
measured bo th  the  r a t e  o f  ea r th f l ow  movement and t h e  water  and sediment 
d ischarge from the  a x i a l  gu l l y .  Al though t h e  e a r t h f l o w  has chal lenged 
road engineers f o r  decades (see Fig. 7  and note modern c o n d i t i o n  o f  
road) ,  i t  i s  not t he  f a s t e s t  moving ea r th f l ow  i n  t h e  Van Duzen basin. 
From 1974 t o  1976, t h e  ea r th f l ow  moved a t  an average r a t e  o f  0.7 m pe r  
year ,  whereas the  Hal 1 oween ear th f low,  f u r t h e r  upstream, moved an average 
o f  24 m per  year  f o r  t h e  t h r e e  w i n t e r  seasons f rom fa1  1 1973 t o  sp r i ng  
1976 (Kelsey, 1978, r e p r i n t e d  i n  P a r t  I 1  o f  t h i s  guidebook). The 



Figure 7 .  

Plank  road for t h e  San T'rancisco-to-Enrcka s t a g e -  
c o a c h  a c r o s s  t h e  tor: of t h e  L l c ~ n n k e r  c a r t h f l o w  i n  1 9 0 9 .  
The  b a r r e n ,  d i s h e v e l e d  g round  a n d  Ll~e t e m p o r a r y  n a t u r e  of 
t h e  r o a d  t e s t i f y  t o  the m o l ) i l l t y  of t h o  c o r t h f l o w  toe ( p h o t o  
c o u r t e s y  of I lonald C; . T u t t l e )  . 



eros ion  r a t e  , ca l cu la ted  f o r  t h e  Donaker ear th f low,  based on bo th  mass 
movement surveys and measurement o f  suspended sediment nd bedload 
d ischarge i n  t h e  a x i a l  g u l l y ,  i s  51,200 m e t r i c  tons/km /year. Kelsey 
(1978) est imates t h a t  h a l f  t h e  volume o f  sediment c o n t r i b u t e d  t o  t h e  Van 
Duzen R i v e r  from e a r t h f l  ows comes from f l  u v i  a1 processes associ a ted w i t h  
t h e  a x i a l  g u l l y  and i t s  t r i b u t a r i e s .  The o t h e r  h a l f  o f  t h e  sediment 
i n f l u x  comes f rom t h e  mass movement o f  t h e  e a r t h f l o w  i t s e l f , .  

Dwight May, whose fam i l y  owns much o f  Donaker e a r t h f l  ow, t o 1  d  Kel sey 
i n  1974 t h a t  o ld - t imers  sa id  t he  ea r th f l ow  moved much f a s t e r  be fo re  they 
b l a s t e d  away p a r t  o f  t h e  p ro t rud ing  p o i n t  o f  Goat Rock. Apparent ly  t h e  
removal o f  t he  o b s t r u c t i o n  a l lowed t h e  Van Duzen R i v e r  t o  occupy t h e  l e f t  
s i de  o f  t h e  channel, lessen ing  i t s  l a t e r a l  c u t t i n g  aga ins t  t h e  t o e  o f  t h e  
e a r t h f l  ow. 

The r o c k f a l l  f rom t h e  prominent greenstone b lock  a t  t h e  t o p  o f  t h e  
ear th f low occurred a  few years be fore  Kel sey began h i s  f i e 1  d  work i n  1973. 

The Van Duzen R i v e r  i s  not  competent t o  move t h e  l a r g e  rocks 
i n t roduced  i n t o  i t s  channel by t h e  ear th f low.  As a  r e s u l t ,  t h e  channel 
i n reaches a f f e c t e d  by e a r t h f l  ows i s  narrow, boulder-choked, and 
cons iderab ly  s teeper  than i n  o the r  reaches (F ig.  4) .  

Tomorrow, t h e  f i r s t  stop o f  t h e  day w i l l  be a t  an e a r t h f l o w  i n  t h e  
Redwood Creek b a s i n  t h a t  i s  p resen t l y  being moni tored by D ick  Iverson. 
L i k e  t h e  Donaker ear th f low,  t h a t  ea r th f l ow  i s  grass-covered. However, i n  
o t h e r  p a r t s  o f  t h e  Coast Ranges, i n c l u d i n g  p a r t s  o f  Redwood Nat iona l  Park, 
1  arge b l  ockgl ides  w i t h  some s imi  1  a r i t  i e s  t o  these e a r t h f l  ows occur i n  
f o r e s t e d  t e r r a i n .  These fo res ted  lands l ides ,  d e s p i t e  t h e i r  l a r g e  s ize,  
a r e  d i f f i c u l t  t o  observe on a i  r photos (Sonnevi 1  , personal communication). 

Features t o  observe: 

a)  Prominent a x i a l  g u l l y .  

b )  V a r i e t y  o f  l i t h o l o g i e s :  The stones i n  t h e  a x i a l  g u l l y  i n c l u d e  t h e  
range o f  Franciscan 1  i t h o l o g i  es: greenstone, che r t ,  sandstone, 
se rpen t i  n i  te ,  b luesch i s t .  Gu l l y  banks show t h e  sha ly  melange mat r i x .  

c )  D i s t i n c t i o n  o f  melange m a t r i x  i n  p lace f rom moving co l l uv ium:  i n  many 
exposures o f  Franciscan melange, i t  i s  d i f f i c u l t  t o  t e l l  what m a t e r i a l  has 
been a f f e c t e d  by movement and what ma te r i a l  has no t  moved. Many 
ea r th f l ows  are, i n  f a c t ,  s l i d e s  w i t h  movement concentrated i n  one o r  two 
zones and on l y  smal l  amounts o f  creep deformat ion w i t h i n  t h e  m a t e r i a l  
above t h e  zones o f  shearing (see I ve rson ' s  d e s c r i p t i o n  o f  M i  nor  Creek 
Lands l ide  on Day 2).  I n  these cases, moving m a t e r i a l  may appear r e l a t i v e l y  
undeformed. Kel sey est imates t h e  depth o f  t h e  Donaker e a r t h f l  ow a t  20 
meters a t  Rte. 36. 

d) Morphology o f  t h e  ear th f low:  You can walk across t h e  n o r t h e r n  margin 
o f  t h e  e a r t h f l o w  and look back, no t i ng  t h e  c o n t r a s t  between t h e  s t a b l e  and 
uns tab le  areas. F igu re  8  from Kelsey, 1978, i s  a  schematic diagram o f  a  
t y p i c a l  ear th f low.  F igu re  9 i s  a  topographic  map o f  Donaker ear th f low.  



monument stake 

regions of slumping and 
tension cracking 

- 
Figure 8. Schematic diagram of typical earthflow (from Kel sey,  1978). 



F i g u r e  9. Topographic map o f  t h e  Donaker e a r t h f l  ow, showing 
bowl -shaped topographic  depress ion. Scale - 1 :24,000; 
con tour  i n t e r v a l  40 ft. From Kelsey, 1977. 



e )  Toe o f  t h e  ea r th f l ow :  Note t h e  boulder-c logged channel ,  f r e s h  d e b r i s  
s l i d e  scars a t  t o e  o f  ea r t h f l ow ,  and change i n  channel w i d t h  compared t o  
upstream and downstream. 

We w i l l  l eave  s top  2 a t  11:45 a.m. 

56.6 B r i d g e v i l  l e  

56.7 Take r i g h t  over  br idge,  l e f t  t u r n  on 36. 600 meters  upstream from t h e  
B r i d g e v i l l e  b r i dge  i s  a  former  U.S.G.S. gaging s i t e .  Channel changes a t  
t h i s  s e c t i o n  a re  i l l u s t r a t e d  i n  F igures  13 and 14. 

56.9 S t r a t h  t e r r a c e  on l e f t ,  t y p i c a l  h i l l s l o p e s  on melange v i s i b l e  above 
channel. 

57.8 The Van Duzen has i n c i s e d  i n t o  a1 luv ium l e f t  by t h e  1964 f l o o d  s ince  
1978. Most o f  t h e  a l de rs  and o t h e r  r i p a r i a n  v e g e t a t i o n  have grown up s i n c e  
t h a t  t ime. These and o t h e r  changes i n  t h e  channel w i l l  be d iscussed  a t  
s t op  5. 

58.0 Cross ing L i t t l e  Larabee Creek, a  t r i b u t a r y  o f  t h e  Van Duzen. The road 
leaves t h e  Van Duzen a t  t h i s  p o i n t  and fo l lows  t h e  L i t t l e  Larabee Creek 
dra inage t o  t h e  east ,  c u t t i n g  o f f  a  l oop  o f  t h e  Van Duzen. 

58.5 Larabee But tes ,  t o  south ( r i g h t )  form t h e  d i v i d e  between t h e  Van Duzen 
b a s i n  and t h e  Eel basin. The road v i s i b l e  i n  t h e  d is tance ,  about 
o n e - t h i r d  o f  t he  way from the  c r e s t  of t h e  Bu t t es  t o  t h e  s t ream channel, 
i s  t h e  Larabee Bu t t es  access road, where we w i l l  s top  t h i s  a f t e r n o o n  (see 
Stop 4 ) .  Note t h e  s teep slopes below Larabee B u t t e s  and t h e  d i v i d e s  t o  
t h e  west o f  t h e  road. Patch cu t s  o f  t imbe r  are v i s i b l e  f o r  t h e  next  
severa l  mi 1  es. 

61.6 'Co l  l u v i  um exposed on t h e  l e f t .  

62.0 D e e r f i  e l  d  Ranch. One o f  t h e  many l a r g e  ranch ho ld i ngs  now b e i n g  
subd iv ided  i n t o  sma l le r  parce ls .  

62.5 Sheared rock  on l e f t  

63.0 McClel l a n  Mtn. Road on l e f t .  McClel l a n  Rock, near  t h e  headwaters .of 
L i t t l e  Larabee Creek, i s  a  b i g  greenstone b lock  w i t h  we1 1-devel  oped 
p i l l o w s  t h a t  should be v i s i b l e  f rom t h e  veh ic les .  

64.7 D i v i d e  sepa ra t i ng  L i t t l e  Larabee Creek b a s i n  f r om Larabee Val l e y  and t h e  
bas ins  o f  B u t t e  Creek and t h e  South Fork o f  t h e  Van Duzen. Note t h e  
g e n t l e  s lopes o f  Larabee Val l e y  t o  t h e  eas t  compared t o  t h e  s teep  
s lopes e n t e r i n g  L i t t l e  Larabee Creek. Larabee V a l l e y  has t h i c k  f i l l  
t e r r a c e s  i n  i t s  lower  p a r t  and may once have been a  c l osed  depression. It 
now d r a i n s  i n t o  t h e  South Fork Van Duzen. On t h e  s k y l i n e ,  a t  10  o ' c l o c k  
t h e  unvegetated peak i s  B lack Lass ic ,  a  k l i p p e  o f  b l ack  mudstone. 



64.8 A r ecen t  lands1 i d e  on t he  r i g h t  has exposed weathered f l u v i a l  g rave ls  a t  
a  h i g h  landscape p o s i t i o n  on the  d i v i d e ,  about 50 m above Larabee V a l l e y  
below. The weathered zone i s  enr iched i n  c lay ,  and has a  5  YR 716 d r y  
c o l o r .  These depos i t s  were d iscovered d u r i n g  t h e  f i e l d  i n v e s t i g a t i o n  f o r  
t h i s  road log. Ahead a t  11:30 o ' c l o c k  i s  t he  South Fork Van Duzen Va l l ey ;  
a t  1:00 o ' c l o c k  i s  B u t t e  Creek Va l ley .  

65.0 Larabee B u t t e s  Access Road on r i g h t .  Stay on Rte. 36. 

65.1 Bedrock and s u r f i c i a l  ma te r i a l s  i n  .exposure on l e f t .  

66.2 Larabee Val l e y  Road. Most o f  Larabee Val l e y  o r i g i n a l  l y  be1 onged t o  
D e e r f i e l d  Ranch and has now been subdiv ided i n t o  40 ac re  parce ls .  

67.1 Gravels  i n  roadcut a t  l e f t .  

67.2 B u t t e  Creek cross ing.  

67.9 Church camp on l e f t .  

68.0 B r i dge  ove r  South Fork Van Duzen. 

68.1 STOP 3  - SOUTH FORK VAN DUZEN R I V E R  - LUNCH 
P u l l  o f f  t h e  road t o  t h e  l e f t ,  p i ck  up a  lunch, and walk down t h e  spur 
road  t o  t h e  r i v e r .  Th i s  s i t e  i s  another  o f  t h e  temporary U.S.G.S. gaging 
s i t e s  i n s t a l l e d  i n  September 1958 t o  measure f l o w  r a t e s  on t r i b u t a r i e s  
and headwaters o f  several  Nor th  Coast r i v e r s .  These f l  ow determi  na t i ons  
were designed t o  t e s t  t h e  f e a s i b i l i t y  o f  a  p l a n  t o  d i v e r t  wa te r  f rom n o r t h  
c o a s t a l  r i v e r s  i n t o  t h e  Middle Fork o f  t h e  Eel and thence i n t o  t h e  Cent ra l  
Val l e y  aqueduct system and on t o  southern Cal i f o r n i a .  No th ing  came of 
t h e  p r o j e c t ,  a l though s i m i l a r  schemes a re  s t i l l  be ing  proposed. 
Never the less,  t h e  es tab l  i shment o f  t h e  c ross-sec t  i ons  has proved useful  i n  
m o n i t o r i n g  t h e  changes o f  t h e  stream channels w i t h  t ime. 

T h i s  p a r t i c u l a r  c ross-sec t ion  i s  one o f  t h e  upstream-most l o c a t i o n s  
o f  channel mon i t o r i ng  done by Kelsey (1977). A t  t h i s  s i t e ,  recovery  from 
t h e  aggrada t ion  induced by t h e  1964 f l o o d  was a l r eady  underway by t h e  
t i m e  Kel  sey remeasured t h e  c ross -sec t i on  i n  1974. S ince  then, t h e r e  
has been gradual ,  cont inued degradat ion (see F ig .  12) .  I n  a d d i t i o n  t o  t h e  
p i c tu resque  scenery, no te  t h a t  t h e  channel c r o s s - s e c t i o n  he re  i s  p a r t l y  on 
bedrock and t h a t  bo th  v a l l e y  wa l l s  expose bedrock near stream l e v e l .  

 his i s  t h e  most upstream p o i n t  o f  our  t r i p .  Highway 36 con t inues  
e a s t  and crosses t h e  d i v i d e  between t h e  Van Duzen R i v e r  b a s i n  and t h e  Mad 
R i v e r  b a s i n  eas t  o f  Dinsmore. 

We p l a n  t o  leave Stop 3 a t  1 p.m. Return west on Rte. 36 

71.2 Turn l e f t  on Larabee Bu t t es  Access Road. T h i s  road  wi nds upward th rough 
p r i v a t e  and BLM l a n d  f o r  about 6  m i les .  



74.9 STOP 4 - BEDROCK HOLLOWS WITH COLLUVlAL FILLS 
Vehic les w i l l  drop people o f f  j u s t  be,yond road d i t c h  w i t h  d e b r i s  catcher.  
Vehicles w i l l  proceed 1.25 m i l es  ( 2  km) t o  turnaround and wai t .  
F i e l d  t r i p  s top i s  a  walk down the road f o r  1.25 mi les .  S t ragg le rs  w i l l  be 
p icked up along road on re turn .  

The exposures i n  the 1.25 rniles beyond t h e  d r o p o f f  poi n t  c o n t a i n  a  
v a r i e t y  of hol lows excavated i n t o  the  bedrock and now f i l l e d  w i t h  
c o l  luvium. Bedrock under ly ing  Larabee But tes i s  r e s i s t a n t  sandstone w i t h  
inc luded sec t ions  o f  red cher t .  This sandstone u n i t  i s  most 1  i k e l y  
a  faul t - d i  splaced fragr~lent o f  t h e  Yol' la Do1 l y  t e r r a n e  o f  t h e  Franciscan 
assemblage, exposed i n  the Yolla  B o l l y  Mountains 110 km southeast  of 
here. The hol lows we w i l l  see are more common i n  te r ranes o f  r e s i s t a n t  
rocks  l i k e  these than i n  melange terranes. 

Bedrock h o l l  ows w i t h  c o l l u v i  a1 f ill s have been descr ibed by Lehre 
(1982) and D i e t r i c h  and Dunne (1978) and s9udied i n  d e t a i l  i n  Redwood 
Creek bas in  by Marron (1982, 1985). D i e t r i c h  and Dorn (1984) most r e c e n t l y  
described the  d e t a i l e d  geometry of 3 hol low i n  no r th -cen t ra l  
C a l i f o r n i a  and dated the  co l  l u v i  a1 f i l l  s. A1 1  researchers agree t h a t  t h e  
hol lows are  probably excavated i n i  t . ia l  l y  by debr i s  s l i d e s  o r  f lows and 
subsequently f i l l e d  by d i f f e r e n t  types o f  processes. F igu re  10 i s  a  map 
from Marron (1985) showing the  d i s t r i b u t i o n  o f  c o l l u v i u m - f i l  l e d  
hol lows i n  M i l l e r  Creek basin, a  t r i b u t a r y  bas in  o f  Redwood Creek. F igure  
11 ( a l s o  from Marron, 1985) shows common sedimentologic f e a t u r e s  of 
c o l  l u v i u m - f i  1  l e d  bedrock h o l l  ows i n  t he  Redwood Creek basin. 

Along t h e  Larabee But tes road sect ion,  it i s  obvious t h a t  hol lows 
occur i n  a  v a r i e t y  of pos i t i ons  r e l a t i v e  t o  t h e  present  topography, 
i nc lud i  ng adjacent t o  modern channels, w i t h i n  promi nent swal es, and near 
t h e  c r e s t s  o f  r idges.  The dimensions o f  the  hol lows d i f f e r .  I n  a  few 
places, t he  e n t i r e  ho l low i s  v i s i b l e :  bo th  o f  t h e  l a t e r a l  con tac ts  and 
t h e  basal contac t  w i t h  bedrock are preserved. Near t h e  end o f  t h e  
t raverse ,  one ho l low i s  exposed a1 ong upper and lower  road cu ts .  The 
w id th  of t h i s  ho l low i s  i d e n t i c a l  i n  both cross-sect ions,  showing t h e  
1  i nea r  na ture  o f  the  ho l low ( l e n g t h  much g rea te r  t han  width,  a  t y p i c a l  
feature of deb r i s  f low scars).  

Sedimentology of t h e  c o l l u v i a l  f i l l s  a l so  d i f f e r s  f rom ho l l ow  t o  
hol low. Near t h e  beginning o f  the t raverse ,  one ho l low i s  f i l l e d  w i t h  a  
homogeneous mass o f  m a t r i x  supported co l  l u v i  um c o n t a i  n i  ng about 40% 1 arge 
angular  sandstone c las ts .  We i n t e r p r e t  t h i s  as a  l a n d s l i d e  deposi t .  Most 
of the  o t h e r  hol lows are f i l l e d  w i t h  f i n e r  r a i n e d  m a t e r i a l ,  some of which 
shows a  crude s t r a t i f i c a t i o n .  Marron (19823 i n t e r p r e t e d  t h e  
ho l  1  ow-f ill i ng processes as s l  opewash, creep, w i  ndthrow o f  t r e e s ,  r a v e l i n g  
of scar edges, and small lands1 ides. The f i l l  i ng processes a r e  
p e r i o d i c a l l y  i n t e r r u p t e d  by debr is  s l i d e s  t h a t  excavate p a r t  o r  a1 1  of t h e  
f ill ( D i e t r i c h  and Dunne, 1978; Marron, 1982) (see Fig.  11).  A few of t h e  
c o l  l u v i a l  depos i ts  v i s i b l e  on the  Larabee But tes  road have an 
i n d i s t i n c t  stone l i n e  a t  the base o f  t h e  co l  l u v i  a1 f i l l .  D i e t r i c h  and 
Dunne (1978) and Marron (1982) p o s t u l a t e  t h a t  t h e  stones a r e  a  l a g  
produced when slope wash removed f i n e r  ma te r i a l  a f t e r  t h e  d e b r i s  f l o w  t h a t  
excavated t h e  hol  1  ows. Some co l  1  uv i  unl-f i 1 l e d  bedrock ho l  1 ows have 



F i g u r e  10. D i s t r i b u t i o n  o f  c o l l u v i  a1 d e p o s i t s  a long  major  
haul  roads i n  M i l  l e r  Creek watershed, Redwood Creek basin.  
L e t t e r  A marks c o l l u v i a l  depos i t  shown i n  F i g u r e  11. From 
Marron, 1985. 





topographic  p o s i t i o n s  and/or weathering fea tu res  t h a t  suggest 1 ong-term 
s t a b i l i t y  (Marron, 1985). 

Another i n t e r e s t i n g  feature o f  t he  Larabee Bu t tes  h o l l  ows i s  t h e  f a c t  
t h a t  they have developed both on t h e  sandstone and on t h e  cher t .  The 
charac ter  o f  the  c o l l u v i a l  fill i n  the  che r t  ho l lows d i f f e r s  f rom t h e  f i l l  
o f  t he  sandstone hol lows. 

We have found charcoal near t he  base o f  one o f  t h e  c o l l u v i  a1 f i l l s  
here a t  Larabee Buttes. It has given an age o f  35,530 [ + 2300) years 
B. P. Marron (1985) found t h a t  t he  lower f i l l  i n  a ho l low i n  Redwood 
Creek bas in  gave dates o f  9625 [ + 3101 t o  9900 [ k 2601 years  B.P. 
D i e t r i c h  and Dorn (1984), who studied a ho l low n o r t h  o f  San Francisco Bay, 
near C lea r  Lake, CA, found t h a t  the hol low began t o  f i l l  w i t h  sediment 
between 11,000 and 13,500 years ago. Reneau and o the rs  ( a b s t r a c t ,  t h i s  
volume) no te  a c l u s t e r i n g  o f  charcoal dates from 11,000 t o  14,500 years 
B. P. and suggest t h a t  l ong  durat ion-h igh i n t e n s i t y  storms capable of 
eroding t h e  hol lows were p a r t i c u l a r l y  cornmon du r i ng  t h e  l a t e s t  P le is tocene.  

I n  t h e  course of p lanning t h i s  f i e l d  t r i p ,  we have r e a l i z e d  t h a t  bo th  
o f  us are latecomers t o  a t r u e  apprec ia t ion  o f  t h e  importance o f  these 
c o l l u v i u m - f i l l e d  bedrock hollows. Now, we t h i n k  i t  no exaggerat ion t o  
c l a i m  t h a t  these hol lows are t h e  s i n g l e  most impor tan t  element i n  t he  
landscape f o r  t h e  understanding o f  geomorphic processes i n  t h i s  area. The 
h o l  lows c o n t a i n  t h e  record  o f  t h e  landscape-formi ng processes o f  a t  l e a s t  
t h e  l a s t  10,000 years and are p a r t i c u l a r l y  c r i t i c a l  i n  de termin ing  t h e  
r o l e  played by low magnitude, h igh  frequency processes l i k e  creep and 
windthrow t h a t  are d i f f i c u l t  t o  measure i n  t he  l e n g t h  o f  t ime covered by 
most geornorphic s tudies.  Also, t he  hol lows prov ide  a g raph ic  il l u s t r a t i o n  
o f  t he  ephemeral na ture  o f  most landscape elements l i k e  r i d g e s  and stream 
channels. Presumably, most o f  the hol lows are depressions' i n  t h e  
1 andscape produced by r a p i d  lands l  ides. Now, however, t h e  present  
1 andscape has been scu lp ted  around these o l d  l a n d s l  i d e  scars, l e a v i n g  many 
o f  them perched i n  improbable pos i t i ons  adjacent t o  r idges.  Al though we 
do no t  have enough dates t o  est imate the  speed o f  ho l low f i 1 . l i n g  and 
landscape a l t e r a t i o n ,  i t  i s  c l e a r  t h a t  t he  landscape has changed r a p i d l y  
i n  t h i s  environment. 

We p l a n  t o  leave Stop 4 a t  3:30 p.m. We w i l l  r e t u r n  t o  Highway 36. 

'8.6 I n t e r s e c t i o n  o f  Larabee But tes Access Road w i t h  Highway 36. Turn l e f t  
(west) onto Highway 36. Retrace road l o g  from Larabee Bu t tes  Access Road 
t o  Pepperwood Fa1 1s. 

10.6 STOP 5 - VAN DUZEN RIVER AT VFW HALL, PEPPERWOOD FALLS. Th i s  i s  t h e  s i t e  
o f  a moni tored c ross-sec t ion  (Kelsey, 1977, 1980), r e c e n t l y  remeasured by 
Kelsey and Savina i n  summer 1984. There are t h r e e  channel c ross -sec t i on  
survey s i t e s  i n  t he  lower .Van Duzen. Survey da ta  on a1 l t h r e e  a re  inc luded 
i n  t h e  guidebook: 1 )  above B r i d g e v i l l e  (Fig. 13 ) ,  2 )  Pepperwood F a l l s  
(Stop 5 ;  Fig.  15) ,  and 3 )  near G r i z z l y  Creek S t a t e  Park (F ig .  17).  
A t  t h i s  s i t e ,  we w i l l  d iscuss the  r e s u l t s  o f  these c ross -sec t i on  surveys, 
t h e  r e s u l t s  o f  Ke l sey ' s  sediment budget f o r  t h e  Van Duzen b a s i n  and t h e  



response o f  the  Van Duzen channel t o  h igh  magnitude events. One such 
event occurred i n  December 1964 and caused basin-wide l ands l  i d i  ng and 
stream aggradation. Most of the r i p a r i a n  vegeta t ion  a1 ong t h e  Van Duzen 
and o ther  n o r t h  coast r i v e r s  was removed by t h e  f l o o d  (see F igs .  7 and 18). 1 The var ied  l i t h o l o g i e s  and sub-basin geometries w i t h i n  t h e  Van Duzen 
system resu l ted  i n  a complex p a t t e r n  o f  aggradat ion i n  response t o  t h e  
1964 f l o o d  and subsequent channel recovery by degradat ion o f  t h e  thalweg, 
s t a b i l  i z a t i o n  o f  bars w i t h  vegetat ion, and p a r t i a l  s t a b i l  i z a t i o n  of v a l l e y  
sides. I n  general, however, t he  most upstream s i t e s  such as s top  3, 
rece ived the  1964 sediment s lug  f i r s t  and were a l s o  t h e  f i r s t  t o  recover. 
Degradat ion a t  t he  t h r e e  monitored s i t e s  lower i n  t h e  basin, i n c l u d i n g  
t h i s  s i t e  a t  Pepperwood F a l l s ,  has been much slower. Such s i t e s  aggraded 
over  a longer per iod  o f  t ime a f t e r  t h e  1964 f l o o d  and recovery  
(degradat ion)  a t  some s i t e s  a1 so appears slower than  f u r t h e r  upstream. 
Sequential  photos showing channel recovery a t  Pepperwood Fa1 1s a re  shown 
i n  Figure 16. 

A summary o f  sediment budget s tud ies  f o r  t h e  Van Duzen b a s i n  i s  inc luded 
i n  P a r t  I 1  o f  t h i s  guidebook as a r e p r i n t  o f  Kelsey (1980). Furthermore, 
F igu re  19 summarizes t h e  sediment budget f o r  t h e  area upstream o f  t h e  
U.S.G.S. gage near G r i z z l y  Creek S ta te  Park, 4.0 km downstream of Stop 5. 
The r e l a t i v e  importance o f  d i f f e r e n t  source area,s t o  t o t a l  sediment y i e l d  
(Fig. 20) shows t h a t  a major p o r t i o n  o f  t h e  sediment d ischarge (45%) comes 
from a small f r a c t i o n  of t he  bas in  s tudy area (5.5%) t h a t  c o n s i s t s  of 
1 )  densely g u l l i e d  grasslands, 2 )  ea r th f l ow  lands l  ides ,  and 3 )  d e b r i s  
s l i d e s  and avalanches. Most o f  t he  remaining sediment comes from 
moderately g u l l  i ed grass1 and s l  opes w i t h  no 1 andsl i d i  ng ev ident .  

Downstream t o  the  n o r t h  o f  the  b r i dge  i s  a l a r g e  d e b r i s  f l o w  t h a t  
dammed the  Van Duzen (see comments under mile 52.1 o f  t h i s  l og ) .  

We p lan  t o  leave stop 5 a t  6 p.m. Return t o  west on Highway 36 and 
n o r t h  on Highway 101. 

132.6 Take Highway 255 e x i t  a t  t h e  n o r t h  end o f  Eureka and proceed west on 
255 t o  Samoa s p i t .  Dinner t o n i g h t  a t  Samoa Cookhouse, a moderate ly  
au then t i c  lumber camp restaurant .  Steam t r a i n s  used t o  haul loggers  t o  the  
nearby woods f r o m  t h i s  cookhouse. 

A f t e r  d inner ,  r e t u r n  t o  campground a t  Mad River .  
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FEET: ZEROED TO U.S.G.S. GAGE DISTANCE 
F i g u r e  12. South Fork Van Duzen R iver :  had occurred by t h e  t i m e  o f  t h e  next survey i n  
c ross -sec t i on  surveys a t  s i t e  o f  former U.S.G.S. 1976. Between 1976 and 1978, minor  aggradat ion 
gagi ng s t a t i o n  #11-477700. This  se r i es  o f  continued, and t h e  survey i n  August shows 
c ross-sec t  ions show, the  delayed channel response degradation. Note t h a t  t h e  t h a l  weg on the  l e f t  
a t  t h i s  s i t e  t o  a  major eros ion event ( d e b r i s  bank has been on o r  near  bedrock s ince 1976, 
avalanches i n  headwater basins) t h a t  occurred 21 i n d i c a t i n g  t h e  d e p t h  of f ill here i s  not 
km upstream du r ing  t h e  s t o m  o f  December 1964. subs tant ia l  compared t o  the  o t h e r  t h r e e  Van Duzen 
Immediate post-storm channel response was m i  nor channel s i t e s  (above B r idgev i  1  l e y  a t  Pepperwood V PO 
(1966 survey). The l a rges t  amount of aggradat ion F a l l s  and near G r i z z l y  Creek). 



Figure 13. Van Duzen R ive r  600 m above 
B r i d g e v i l l e :  cross-sect ion surveys at  s i t e  o f  
former U.S.G.S. gaging s t a t i o n  94780. The s i x  
channel cross-sect ions a t  t h i s  s i t e  depict the 
s tab le  pre-1964-flood channel as it appeared i n  
1939 and 1951, and post-1964-flood channel changes 
t h a t  span t h e  Years 1974 t o  1984. The m j o r  
aggradation t h a t  occurred between the 1951 and 

FEET 
l9?4 survey resul ted from the l a t e  December 1964 
f l ood  event and the 1974 t o  1984 set  o f  surveys 
records progressive degradation. Since 1976. 
bedrock has been exposed a t  the thalweg near the 
r i g h t  bank. The r a t e  of  degradation has slowed 
over the  1974 t o  1984 period, perhaps due t o  
increasing erosional resistance o f  the l e f t  bank 
bar due t o  a developing armor layer. 
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Figure 15. Van Duzen River  a t  Peppetwood F a l l s :  c ross -sec t ion  surveys a t  t h e  o l d  
s i t e  o f  U.S.G.S. gaging s t a t i o n  111-4765. Upper graph ( A ) :  changes i n  channel 
bed e levat ion.  1951-1984. Lower graph ( B ) :  changes i n  thalweg e leva t ion .  
1951-1984. Both graphs show t h a t  bed e levat ions d ramat i ca l l y  rose as an 
immediate consequence of  the December 1964 f lood.  Note change from an i n n e r  
t rapezo ida l  channel (1953-1964 surveys) t o  a f l a t  channel bed w i t h  no i n n e r  
channel (1965-1978 surveys). Peak channel bed e l e v a t i o n  occurred i n  1976 and 
minor  downcutt ing i s  evident by t h e  1978 survey. Water years 1976 through 1981 
were low-f low years on the  Van Duzen. Substant ia l  downcutt ing (one t h i r d  o f  the  
way back t o  pre-1964 f l o o d  e leva t ions )  had occurred by August 1984. Most o f  the  
downcutt ing must have occurred i n  the  wet 1983 and 1984 water years. Between 
1978 and 1984, a dense r i p a r i a n  f r i n g e  o f  w i l l ow  grew on t h e  r i g h t  bank a t  
h o r i z o n t a l  gage d is tance = 50 feet .  This  vegetat ion promoted b u i l d - u p  o f  an 
i n n e r  channel bank, which became the  r i g h t  bank o f  t h e  new t rapezo ida l  i n n e r  
channel. Th is  observat ion emphasizes the importance o f  r i p a r i a n  vege ta t ion  i n  
e s t a b l i s h i n g  the  new channel du r ing  recovery f r a n  an aggradat ion event. Note 
t h a t  the  new t rapezoidal  channel i s  becoming establ ished i n  t h e  same channel 
p o s i t i o n  as the pre-1964 f l o o d  channel. 
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F igu re  16. View l o o k i n g  downstream a t  t h e  Van Duzen R i v e r  a t  
t h e  s i t e  of t h e  former U.S.G.S. gaging s t a t i o n  a t  Pepperwood 
Fa1 1s. a) taken November 1976. b )  taken August 1984. The 
new highway b r i dge  i s  a replacement f o r  an o l d  concre te  a rch  
b r i dge  t h a t  was washed away by t h e  1964 f lood.  Note growth 
o f  r i p a r i a n  vege ta t i on  on r i g h t  bank s ince 1976. Figure 15 
shows changes i n  t h e  channel c ross -sec t i on  a t  t h i s  s i t e .  
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F i g u r e  17. Van Duzen R ive r  near G r i z z l y  Creek S t a t e  Park: c ross -sec t ion  surveys 
a t  the  U.S.G.S. gaging s t a t i o n  811-4785 (new s i t e ) .  Upper graph.(A): changes 
i n  channel bed e levat ion,  1965-1984. The s i n g l e  survey i n  1925 i s  a t  t h e  
concrete arch br idge approximately 100 m upstream o f  t h e  r e s t  o f  the  surveys. 
Lower graph (8 ) :  changes i n  thalweg e l e v a t i o n  ( ) and average e l e v a t i o n  o f  
channel ( ), 1966-1984. Average e l e v a t i o n  i s  approximated f o r  t h e  b a n k f u l l  
w i d t h  and i s  a more useful index of net  e l e v a t i o n  change than  thalweg 
e leva t ion .  Thalweg e levat ions f o r  1976, 1978. and 1984 r e f l e c t  pronounced 
scour due t o  a r o o t  wad embedded i n  the channel. This  c ross -sec t ion  i s  5.0 
km downstream f r a n  the l a s t  major  sediment sources due t o  d e b r i s  s l i d e s  and 
d e b r i s  t o r r e n t s  t r i ggered  dur ing the  1964 storm and f lood.  Because o f  t h i s  
d i s tance  downstream of  sediment sources, bed e leva t ions  g radua l l y  increased 
a t  t h i s  sec t ion  by approximately 0.6 m f r a n  1965 (da te  o f  f i r s t  survey) t o  
a peak he igh t  i n  1972. The channel showed gradual degradat ion between 1972 
and 1978. The 1984 survey showed ne t  aggradation, desp i te  deep thalweg scour 
because o f  a l o c a l  obst ruct ion.  Th is  aggradat ion may r e f l e c t  depos i t i on  of 
sediment from reaches o f  accelerated downcutt ing 4.0 km upstream a t  Pepperwood 
F a l l s  i n  the winters o f  1982-83 and 1983-84 (see Figure 15). 

FEET: ZEROED TO U.S.G.S. GAGE DISTANCE 
3 

5 6 -  
A AVERAGE ELEVATION OF CHANNEL BED 

B l THALWEG ELEVATION 
3 
k 5 -  A A 

- 
a A A A 4 -  a a 
W 4 A A  a * 3 -  A A 
a A a * 2 -  

1964 FLOOD - 

1 a 1-a 
W 
L L o - n 1 1 1 , ' 1 1 1 8 1 ' 1 ' i 1 1 1 ' 1 1 1 -  

- * '  fv 
4 
m 
XI 
V) 

0 
- 1  b 

o 
m 
0 
D 
4 

1925 1965 1970 1975 1980 1905 0 g 



Figure 18. Comparative aerial photographs taken in 1963 and 1966 showing the 
e f f ec t s  of the 1964 flood on riparian vegetation and slopes i n  a 4.2 km 
reach of the Van Duzen river upstream of the gaging s tat ion 600 m above 
Bridgeville ( l e f t  arrow). See Figure 13 for  the record of channel changes 
a t  t h i s  location. Right area i s  the confluence of L i t t l e  Larabee Creek 
with the  Van Duzen. Photos from Kelsey, 1977. w 
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hypothetical sediment budget 
without 1964 storm, 1941 - 1975 

actual synthetic sediment 
budget, 1941 - 1975 

1. sediment yield by fluvial transport from hillslopes 3. aggradation in major river channels 
2. sediment yield .by streambank erosion and landsliding 4. total sediment discharge past gauging station 

along major channels and in headwater basins near Bridgeville 

F igure  19. Comparative histograms showing two synthet ic  sediment budgets f o r  
t h e  Van Duzen basin, 1941-1975. The l e f t  histogram shows a hypothet ical  
sediment budget t ha t  excludes the e f f e c t s  o f  t he  December 1964 storm. The 
r i g h t  histogram shows, the actual s y n t h e t i c  sediment budget fo r  the  Van Duzen. 
F igu re  from Kelsey, 1980. 



SEDIMENT SOURCE AREAS 

drainage area 
325.49 

sediment yield 

41 .i)7 1941 - 1975 

1. stable and ungullied . melange slopes (type I a  8 I e l  4 .  sandstorie slopes (type IT. Ill' a 8 ID b )  

2. eroding melange slopes (type Tb & I c )  5. debris slides. debris avalanches ( type ]I.& m a )  

3. earthflow slopes (type I d l  6. alluvial floodplains, fill terraces ( type 7P b )  

F i g u r e  20. Sediment source areas i n  t h e  Van Duzen R i ve r  basin. The 1 e f t  
h i s t og ram shows t h e  percentage and t o t a l  amount o f  drainage a rea  o f  each 
source area. The r i g h t  h is togram shows t h e  sediment y i e l d  f rom each source  
area. Sediment source areas a r e  s p l i t  i n t o  s i x  cateqor ies,  based on 
phys iograph ic  s lope types out1 i ned- i n  Kelsey, 1980. - ~ i ~ u r e  f r om Kel  sey ,  
1980. 
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F igu re  21. Index map o f  Redwood Creek Basin, 
showing boundaries o f  Redwood Na t iona l  Park and 
general r o u t e  f o r  Day 2 o f  F i e l d  Conference. Stop 
1 i s  i n  t h e  Minor Creek Basin, n o r t h  o f  highway 
299. 



Fie1 d Guide Day 2 - Redwood Creek Basin 

By Harvey Kelsey, Department o f  Geology, Western Washington U n i v e r s i t y ,  
Be1 li ngham, MA; Mary Savi na, Department o f  Geology, Car le ton  Col lege, 
N o r t h f i e l d ,  MN; Iverson, R. M., U.S.G.S. David A. Johnston C.ascades 
Volcano Observatory, Vancouver, Washington; Sonnevi l ,  Ron, Redwood 
Nat iona l  Park, Or ick,  CA; LaHusen, Richard, Redwood Nat iona l  Park, Or ick,  
CA, Popenoe, James, Redwood Nat lonal  Park, Or ick,  CA; Ricks, Cynthia, 
S i sk i you  Nat iona l  Forest ,  Gold Beach, OR; and Madej, Mary Ann, Redwood 
Nat iona l  Park, Arcata, CA. 

The Redwood Creek bas in  i s  under la in  by somewhat d i f f e r e n t  rock types 
from those we saw yesterday i n  the  Van Duzen bas in .  The geomorphic 
processes, however, a r e  comparable. I n  add i t i on ,  t h e  Redwood Creek bas in  
has been s tud ied  i n  depth s ince  the  e s t a b l i  stunent and subsequent expansion 
o f  Redwood Nat iona l  Park i n  1968 and 1978. The park now occupies t h e  
l ower  t h i r d  o f  t h e  basin. The extensive work o f  Janda and o thers  (1975) 
p rov ided t h e  background f o r  many o f  t he  more recent  s t u d i e s  t h a t  w i l l  be 
discussed today. Among the  many geomorphic s tud ies  i n  Redwood 
Creek, recent  s tud ies  by Iverson (1984), Sonnevil and o thers  ( t h i s  
volume), LaHusen ( t h i s  volume) and others have concentrated on t h e  d e t a i l e d  
mechanics o f  l a n d s l i d e  movement, i nc lud ing  the  r e l a t i o n  between movement r a t e s  
and s t y l e s  and ground water. Both the  techn ica l  aspects o f  these s tud ies  
( i n c l u d i n g  t h e  ins t rumenta t ion  designs and p l  acement o f  p i  ezometers and 
movement moni tors)  and the  geologic i m p l i c a t i o n s  o f  t h e  r e s u l t s  a r e  o f  
g r e a t  i n t e r e s t ,  and can be app l ied  t o  s i m i l a r  types o f  l a n d s l i d e s  i n  o ther  
p a r t s  of t he  n o r t h  coasta l  area. 

Redwood Creek bas in  has a1 so been the  s i t e  o f  d e t a i l e d  sediment 
budget and sediment storage measurements (Madej, 1984). We w i l l  see 
Redwood*Creek a t  two .places: one a t  mid-basin- idn Redwood Val l e y  near  t h e  
conf luence of Minor Creek (a  major t r i b u t a r y )  and one a t  t h e  es-tuary- o f  
Redwood Creek near t he  town o f  Orick (see Fig. 21 f o r  l o c a t i o n s ) .  Madej 
w i l l  d i  scuss t h e  r e s u l t s  o f  he r  sediment budget s tud ies  a t  t h e  l unch  stop 
a t  Redwood Creek estuary. 

One o f  t h e  main reasons f o r  concern and i n t e r e s t  i n  t h e  geomorphic 
processes o f  Redwood Creek bas in  i s  the  p o t e n t i a l  f o r  d i s r u p t i o n  of t h e  
n a t u r a l  environment w i t h i n  t h e  na t iona l  park, which o r i g i n a l l y  i nc luded  
o n l y  t h e  o ld-growth f o r e s t s  near t h e  downstream end o f  Redwood Creek. The 
park was expanded i n  1978 t o  inc lude p a r t s  of t he  b a s i n  upslope of t h e  
i n i t i a l  park boundaries. The upper two- th i rds  o f  t h e  Redwood Creek basin, 
i n c l  u d i  ng t h e  area we w i  1 1 see from Stop 1, are s t  i 11 i n p r i v a t e  hands. 
Treatment o f  t he  newly-acquired park lands, most o f  which were logged 
and had roads b u i l t  on them i n  the  1950s, 1960s, and e a r l y  t o  mid- 
1970s, i s  a con t i nu ing  source o f  concern t o  t h e  Park Service. I n  recen t  
storms, f o r  instance, many road f i l l s  f a i l e d  i n  deb r i s  f lows. 
.Debris t o r r e n t s  movi ng downstream from these fl ows entered t h e  01 d-growth 
areas o f  t h e  park. Redwood Nat ional  Park has embarked on a process of 
r e h a b i l i t a t i o n  o f  t he  fo rmer ly  logged areas, i n  o rder  t o  p r o t e c t  t h e  
n a t u r a l  environment o f  the  old-growth fo res ts .  Most o f  t h e  r e h a b i l i t a t i o n  



i s  concentrated on the removal of the logging road system in tha t  portion 
of the park acquired in 1978. For those interested, Redwood National Park 
geologists will lead an informal f i e ld  t r i p  through some of the 
rehabi l i ta t ion s i t e s  on June 22. Today, we will be shown some of the 
research aimed a t  determining what rehabil i t a t ion  measures will be the 
most effective in preventing slope f a i l  ures from previously-1 ogged areas. 
This research i s  also leading t o  a bet ter  understanding of landslide 
processes, soi 1 genes i s ,  and groundwater movement i n the Redwood Creek 
basin. 

Road Log: 

We plan t o  leave the campground a t  7:30 a.m. An ear ly ,  prompt s t a r t  i s  
necessary because of the amount of driving between stop 1 and Orick. 

Mileage: 

0 - 0  Highway 299 East on-ramp near West End Road. For the f i r s t  16 miles of 
the t r i p ,  Highway 299 runs in the north part of the Mad River Basin. 

10.2 Bridge over North Fork of Mad River .  

16.4 Lord E l l i s  Summit, 2262 f t . ,  the divide between Mad River basin and 
Redwood Creek basin. Mr. Lord and Mr. E l l i s  were two gentlemen around the 
turn of the century who were instrumental in having t h i s  road bui l t .  A t  
about the summit, the road crosses the Bald Mountain Fault, separating 
Franci scan melange on the southwest from Redwood Creek schis t  on the 
northeast. The southwest side of the Redwood Creek basin i s  formed on the 
Redwood Creek schist .  Through much of i t s  length, Redwood Creek paral le ls  
the Grogan Fault, which separates schis ts  on the southwest from Franciscan 
Assemblage rocks on the northeast which in t h i s  area are  sandstones and 
mudstones (see Fig. 22). 

17.4 Junction Redwood Val ley Road. Take a l e f t  onto Redwood Val ley Road. 
(Highway 299 continues east into the Trinity River basin and on t o  the 
Central Valley.) We are now travelling northeast into the axis  of the 
Redwood Creek val 1 ey. 

17-65 View ahead across the Redwood Creek basin t o  the Mi nor Creek drainage 
and Mi nor Creek earthfl  ow. 

18.4 Roadcuts on the l e f t  expose the Redwood Creek schis t .  The s c h i s t  i s  
s imilar  i n  lithology and metamorphic grade t o  the South Fork Mountain 
Schist  which i s  the easternmost unit of the Franciscan Assemblage i n  much 
of the northern Coast Ranges. The Redwood Creek schis t  may be a s l i v e r  
from South Fork Mountain, moved northwest along the Grogan f a u l t  (Kelsey 
and Hagans, 1982). 

When we worked on the road log fo r  t h i s  part of the t r i p  i n  August, 
1984, Redwood Valley Road, a major county road, was i n  t e r r i b l e  shape. 
Slope fa i lures  had removed the en t i r e  northbound lane i n  some places, and 
tension cracks and bumps were ubiquitous. While we hope tha t  the  road 
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w i l l  be open f o r  us on t h i s  t r i p ,  we a1 so hope t h a t  some o f  t h e  evidence 
of t h e  s t a b i l i t y  problems i n  the  Redwood Creek s c h i s t  remains f o r  you t o  
see. This  afternoon, we w i l l  have a  d e t a i l e d  look a t  t h e  s o i l s  formed on 
t h e  Redwood Creek s c h i s t  and the  s t a b i l i t y  problems posed by those s o i l s ,  
which are t h e  subject  o f  Rick LaHusen's thes is .  

20.0 View ahead t o  Minor Creek ear th f low,  our f i r s t  ' s top -  

20.8 Br idge over Redwood Creek. The b r i dge  i s  near t h e  upstream end of 
Redwood Val ley ,  a  mi le-1 ong a1 l u v i  a1 v a l l e y  i n  t h e  middle of t h e  Redwood 
Creek basin. This low-gradi ent, wide-channel reach separates 
steep-gradi  ent, narrow reaches upstream and downstream which have a  
we1 1  -devel oped i n n e r  gorge morphology. Kel sey ( i  n  press) has proposed 
t h a t  t h e  head of Redwood Val l e y  marks t h e  downstream end o f  a  reach of 
Redwood Creek where the  creek i s  capable o f  moving sediment down channel. 
I n  Redwood Val ley,  t he  channel g rad ien t  has decreased t o  t h e  p o i n t  where 
t h e  stream can no longer t ranspor t  sediment, so i t  has been deposi ted,  
forming t h e  wider  va l ley .  With a  reduced sediment load,  Redwood Creek 
begins t o  r e - i n c i  se a t  t h e  downstream end o f  Redwood Val l ey ,  c r e a t i n g  a  
second reach w i t h  i nne r  gorge slopes (see Fig.  23).  

21.25 Junc t i on  w i t h  Hoopa Road, take r i g h t .  Road i n  t h i s  s e c t i o n  crosses the 
Grogan F a u l t  Zone w i t h i n  a  few hundred meters o f  t h e  road j unc t i on .  Note 
t h e  change from s c h i s t  t o  sandstone i n  t h e  road cuts. 

21.7 Outcrops o f  sandstone i n d i c a t e  t h a t  road i s  now eas t  o f  t h e  Grogan Fau l t .  

22.05 Chert b lock on r i g h t .  

22.3 Road begins t o  t rave rse  M i  nor  Creek e a r t h f l  ow. 

STOP 1 - M I  NOR CREEK LANDSLIDE 
.Park here a long t h e  n o r t h  ( l e f t )  s i de  o f  t h e  road and walk about 150 m 
upslope a long the west edge of t he  ear thf low.  We w i l l  immediately 
convene near t h e  upper west edge o f  t he  e a r t h f l o w  f o r  a b r i e f  l e c t u r e -  
We w i l l  t hen  have about 1 112 hours t o  examine t h e  e a r t h f l  ow and i t s  
i nstrumentat ion. 

MINOR CREEK LANDSLIDE, By R. M. I verson 

M i  nor  Creek lands l  i d e  has been moni tored by t h e  U.S. Geological  Survey 
f o r  t h e  pas t  13 years. As p a r t  o f  a  broad-based study o f  t h e  e f fec ts  of 
upstream sediment sources on t h e  behavior  o f  Redwood Creek, t ransverse  
s take 1  i n e s  and r a i n  gages were i n s t a l  l e d  on M i  nor  Creek l a n d s l  i d e  and 
several  nearby l ands l i des  i n  the  e a r l y  1970s (e.g. Harden, et .  al . ,  1978). 
Dur ing  t h e  l a t e  1970s and e a r l y  1980s, more i ns t rumen ta t i on  was added 
t o  the  mon i to r i ng  network a t  Minor Creek l ands l  ide.  Th i s  i ns t rumen ta t i on  
i nc luded  two flumes i n  which water and sediment discharges o f  a x i a l  g u l l i e s  
were measured; 15 i nc l i nomete r  tubes i n  which subsurface deformat ion  was 
measured, two cont inuous ly  record ing  sur face extensometers o r  " s t r a i n  



F igu re  23. Topographic p r o f  i 1 es, perpendicular  t o  t h e  cou rse  o f  Redwood Creek, 
drawn along i n t e r f l u v e s  between t r i b u t a r y  basins. For each p r o f i l e ,  t h e  two 
ha1 ves represent  t h e  nearest  opposi ng i n t e r f l  uves, which a r e  o f f s e t  a1 ong t h e  
creek by no more than 500 m. Map o f  Redwood Creek bas in  shows l o c a t i o n s  o f  t h e  
topographic p r o f i l e s  and t h e  two mainstem channel reaches ( s t i p p l e d  areas) 
where an i n n e r  gorge i s  moderately t o  we1 1 developed. G f :  l o c a t i o n  o f  Grogan 
f a u l t  on p r o f i l e ,  sandstone and mudstone t o  east o f  f a u l t  and s c h i s t  t o  west o f  
f a u l t .  From Kelsey, i n  press. 



gages" ; 64 open standpipe pi ezometers; three e lec t r ica l  pi ezometers, one 
of which was f i t t e d  with a continuous recorder; and a longitudinal stake 
1 i ne that  incorporated several s t ra in  rhombs. Most of t h i s  instrumentation 
i s  s t i l l  in service. The density and longevity of the data collection 
network a t  Minor Creek landslide make i t  nearly unique among landslides 
tha t  have not been modified by extensive geotechnical engineering. 

The current data col lection network and morphology of Mi nor Creek 
1 andslide are depicted on maps shown here as Figures 24, 25, and 26. 
These maps provide a good basis for  a self-guided tour of the landslide. 
So tha t  you may easi ly  locate the mapped features, several key areas will 
be marked in the f ie ld .  These include the west ends of the f ive  transverse 
stake 1 i nes, the recordi ng extensometer, several i ncl i nometer tubes, and 
the recordi ng e lectr ical  pi ezometer. Morphological features  you should 
be cer tain to  examine include the highly disrupted landslide toe  and the 
discontinuous "mole tracks" of dilated soil  along the landsl i d e ' s  la teral  
shear zones. 

Conspicuous  on the l a n d s l  ide  surface are many stakes and standpipes. 
Orange stakes are members of transverse stake l ines  and red stakes are 
1 ongi tudi nal-1 i ne or s t r a i  n-rhomb stakes. Stakes of other colors are  
a1 so present b u t  are no longer monitored. Small -di ameter, white plast ic  
pipes are open pi ezometers with casi ng perforated a t  speci f i c  depths. 
The pipes are numbered on the outside and the perforation depths are 
general ly written inside the pipe caps. Large-di ameter, white p las t ic  
pipes contain electr ical  piezometer leads and a i r  ports and green pipes 
and a1 uminum pipes are incli  nometer access tubes. Most of these pipes 
contain water a1 1 year long. Many of the pipes have been sheared off 
or  constricted where they pass through the base of the landslide. 

The s t a tus  of Minor Creek landslide data col lect ion and analysis 
through June 1984 has been summarized by Iverson (1984). Several reports 
in  press or in review as of January 1985 describe in te rpre ta t ion  of the 
.data and theoretical work that  has been motivated by the data (Iverson, 
1985 a, b,  c ,  d ,  e; Nolan and Janda, 1985). Salient aspects of the 
data are summarized in Figures 27 through 33 shown here. 

Figure 27 depicts r a in fa l l ,  piezometric response, and landslide 
displacement data recorded a t  the extensometer s i t e  during two annual 
1 andsl ide movement cycles. These data are representative of most 
movement cycles and they provide many insights to  the behavior of Minor 
Creek landslide. Particularly interesting are the remarkably steady 
1 andsl ide movements t h a t  follow brief annual periods of acceleration. 
Acceleration i s motivated by gradual changes in ground-water seepage, 
pore pressure, and effective s t ress  that  occur during the onset of the 
rainy season, whereas steady mot ion occurs in .response t o  a temporally 
steady s t r e s s  s t a t e  and ref lec ts  a dynamic balance between drivi  ng and 
resis t ing forces. This dynamic force balance i s  suggestive of a 
viscous component of deformation resistance, which ho1 ds major 
imp1 ications fo r  understandi ng long-term landsl ide behavior. 

Subsurface deformation of Mi nor Creek landsl ide has been monitored 
by repet i t ive i ncl i nometer surveys of bore-hole casing di sp1 acement. 
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F i g u r e  27. Temporal p a t t e r n s  o f  p r e c i p i t a t i o n ,  p i ezome t r i c  
response, and su r f ace  d isp lacement  a t  t h e  ex tens iometer  
s i t e ,  M i  n o r  Creek lands1 i d e ,  d u r i n g  two movement seasons. 
P iezome t r i c  l e v e l s  a re  re fe renced  t o  a  datum 2.1 m below t h e  
ground s u r f  ace. 



Some t y p i c a l  v e r t i c a l  v e l o c i t y  p r o f i l e s  i n f e r r e d  from t h e  i n c l i  naneter 
surveys are shown i n  F igure  28. These p r o f i l e s  show t h a t  subsurface 
deformation i n  t he  main body of t he  l a n d s l i d e  occurs p r i n c i p a l l y  i n  a  basal 
shear zone t h a t  averages roughly one meter i n  th ickness  and f i v e  meters 
i n  depth. Some creep deformation occurs above the  basal shear zone, bo th  
i n  t h e  main l a n d s l i d e  and outs ide  i t s  margins. Sampling, inspect ion ,  and 
t e s t i n g  o f  t h e  shear zone mater ia l  shows t h a t  i t  d i f f e r s  l i t t l e  f rom t h e  
surrounding mater ia l .  The lack  o f  d i s t i n c t i v e  shear zone m a t e r i a l  and 
t h e  shape o f  t h e  l a n d s l i d e  v e l o c i t y  p r o f i l e s  are bo th  c o n s i s t e n t  w i t h  
v i  s c o p l a s t i c  o r  pseudoplast ic  continuum mater i  a1 behavior.  

F igures  29, 30, and 31 dep ic t  t h e  s u r f i c i a l  components o f  l a n d s l i d e  
displacement measured a t  t ransverse stake l i n e s  1, 3, and 5 f r a n  t h e  t ime  
of t h e i r  i n s t a l l a t i o n  (1973 o r  1974) through A p r i l ,  1984. An i n t r i g u i n g  
aspect of t h e  displacement pa t te rns  shown i n  F igures 29, 30, and 3 1  i s  
t h a t  t he  t i m i n g  and amount of displacement va r i es  a1 ong t h e  l e n g t h  o f  t h e  
l a n d s l  ide. The upper p o r t i o n  o f  t h e  l ands l  i d e  moved r a t h e r  s low ly  and 
s t e a d i l y  f o r  t e n  years (Fig. 29),  w h i l e  midslope p o r t i o n s  o f  t h e  l a n d s l  i d e  
underwent movement pulses dur ing  t h e  1973-1974 and 1983-1984 seasons 
(F i g .  30). The t o e  o f  t he  lands l ide ,  i n  cont ras t ,  acce lera ted  d r a m a t i c a l l y  
throughout t h e  e a r l y  19801s, w i t h  very l a r g e  displacements t h a t  culminated 
i n 1982-1983 (F igure  31). These l a r g e  displacements were ca ta lyzed by 
t r a n s i e n t  undercu t t ing  of the  l a n d s l  i d e  t o e  by Minor  Creek. It appears 
c l e a r ,  therefore,  t h a t  t h e  l a n d s l i d e  does not  t r a n s l a t e  downslope as a  
r i g i d  body. Instead, d i f f e r e n t  p a r t s  o f  t h e  l a n d s l i d e  respond t o  a  
v a r i e t y  of impetuses a t  d i ' f f e r e n t  r a t e s  and d i f f e r e n t  times. 

F u r t h e r  evidence o f  t he  nonuniform motion o f  Minor Creek l a n d s l  i d e  
i s  dep ic ted  i n  F igure  32 which shows t h e  d i s t r i b u t i o n  o f  s t r a i n  measured 
a long the  l o n g i t u d i n a l  stake 1  i ne d u r i n g  1982-1983 and 1983-1984. I n  
response t o  t h e  cu lminat ion  o f  l a n d s l i d e  toe  undercu t t i ng  by Minor  Creek, 
very l a r g e  extensional  s t r a i n s  occurred near t h e  t o e  i n  1982-1983. 

The o v e r a l l  movement p a t t e r n  o f  Minor  Creek l a n d s l i d e  i s  summarized i n  
F igure  33. This  f i g u r e  il l u s t r a t e s  t h e  s p a t i a l  d i s t r i b u t i o n  o f  downs1 ope 
sediment f l u x  through Minor Creek l ands l  i d e  du r ing  t h e  movement cyc les  of 
1981-1982, 1982-1983, and 1983-1984. Sediment f l u x e s  were ca l  c u l  a ted  from 
s t a k e - l i n e  data, i nc l i nomete r  data, and f i e l d  mapping data, and they may 
be i n  e r r o r  by as much as 50%. Desp i te  t h i s  considerable p o t e n t i a l  f o r  
e r r o r ,  F igu re  33 c l e a r l y  shows t h a t  major d i s p a r i t i e s  e x i s t  between 
sediment f l u x e s  i n  d i f f e r e n t  p o r t i o n s  o f  t he  l ands l  ide. These d i  s p a r i t i e s  
appear t o  r e s u l t  from t r a n s i e n t ,  nonuniform load ing  phenomena l i k e  
f l u v i a l  undercu t t ing  o f  the  l a n d s l i d e  t o e  and s p a t i a l l y  v a r i e d  
ground-water f low. Responses o f  t h e  l a n d s l i d e  t o  such phenomena a r e  
s t r o n g l y  t ime- and space-dependent. This  r e i n f o r c e s  t h e  idea t h a t  Minor  
Creek l ands l i de ,  and probably many o the r  lands l ides ,  cannot be viewed as 
c l a s s i c  Coulomb s l i d i n g  bodies. Instead, a  complex s u i t e  o f  v iscous 
and p l a s t i c  rheo log ica l  components must be considered i n  assessing 
1 andsl i d e  behavior. 

From t h i s  vantage po in t ,  t h e  i n n e r  gorge slopes i n  t h e  upstream p a r t  
o f  Redwood Creek bas in  can be seen. P r o j e c t  t h e  long, v i s i b l e  s lopes 



F i g u r e  28. Representat ive v e r t i c a l  v e l o c i t y  p r o f i l e s  i n f e r r e d  from r e p e t i t i v e  
i n c l  i nometer surveys o f  bore-hole cas ing  displacement, M i  nor  Creek lands1 ide .  
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F igu re  32. D i s t r i b u t i o n  o f  measure l o n g i t u d i n a l  s t r a i n s  
a long t h e  l o n g i  t u d i  na l  s take 1  i ne, Minor  Creek lands1 ide. 
S t r a i n s  sma l l e r  than  0.005 a re  no t  p l o t t e d  because s t r a i n  
measurement e r r o r s  cou ld  be as l a r g e  as 0.005. 
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F i g u r e  33. S p a t i a l  d i  s t r i b u t i o n  o f  downs1 ope sediment f l u x  
through Mi nor  Creek lands1 i d e  d u r i  ng t h r e e  movement seasons. 



toward each o t h e r  and no te  t h a t  they  i n t e r s e c t  i n  t h e  a i r ,  above t h e  
s t ream channel. I nne r  gorge slopes a re  formed below t h i s  p o i n t  o f  
i n t e r s e c t i o n  and can be j u s t  b a r e l y  seen from t h i s  v iew (F ig .  34). Some 
o f  t h e  i n n e r  gorge s lopes v i s i b l e  f rom here a r e  s i t e s  of d e b r i s  s l i d e s :  
t h i s  i s  presumably t h e  major  process t h a t  forms such slopes. 

The te rm " i n n e r  gorge" was first used by Clarence E. D u t t o n  (1882) i n  
h i s  d e s c r i p t i o n s  o f  t h e  Grand Canyon. Francoi  s  Mat thes (1930) appl i e d  
t h e  te rm t o  s lopes above Yosemite V a l l e y  and t h e  t e rm  has been 
subsequent ly  a p p l i e d  t o  s lopes i n  n o r t h  coas ta l  d ra inage  bas ins  i n  
C a l i f o r n i a  by F a r r i  ngton and Savina (1977), and F u r b i s h  and R i c e  (1983). 
I n  an i n n e r  gorge, s lopes d i r e c t l y  ad jacen t  t o  t h e  channel a r e  s teeper  
t h a n  those f u r t h e r  up t h e  h i 1  l s l ope .  A  c l e a r l y  d e f i n e d  b reak - i n - s l ope  
separates t h e  s teeper  i n n e r  gorge slopes from t h e  more moderate, h i g h e r  
h i 1  l s l opes .  I n n e r  gorge slopes do no t  appear t o  have one common angle, 
and s lope  steepness p robab ly  depends i n  l a r g e  p a r t  on t h e  u n d e r l y i n g  rock  
type. A f u l l  account o f  t h e  morphology and genesis  o f  i n n e r  gorge slopes 
i n  t h e  Redwood Creek b a s i n  i s  g i ven  by Kelsey ( i n  p ress) .  

We p l a n  t o  leave  Stop 1 a t  10:30 a.m. Ret race  r o u t e  t o  west 
end o f  Highway 299. 

46.2 J u n c t i o n  299 and Highway 101. Take 1.01 North. Fo r  t h e  nex t  1.4 m i l e s  
t h e  htghway crosses a l l u v i a l  f l a t s  a t  t h e  mouth o f  t h e  Mad R i ve r .  

47.6 Mad R i v e r  c ross ing .  See y e s t e r d a y ' s  road  l o g  f o r  t h e  s t o r y  o f  t h i s  
r i v e r ' s  e l egan t  name. The lowermost Mad R i v e r  f l o w s  i n  a  s t r u c t u r a l  
t rough.  On t h e  n o r t h  s i d e  o f  t h e  v a l l e y  i s  graywacke b rought  up a long  a  
reve rse  f a u l t .  The Mad R i v e r  t r ough  formed on t h e  downthrown s i d e  o f  one 
o f  a  s e r i e s  of t i l t e d  b l ocks  produced by reverse  f a u l t i n g  i n  t h e  Mad R i v e r  
F a u l t  Zone (see road  l o g  f o r  t h i r d  day). 

49.3 School Rd. E x i t .  The f l a t  su r f ace  a long which we have been t r a v e l l i n g  i s  
a  mar ine t e r r a c e  su r f ace  c a l l e d  Dows P r a i r i e .  Bo th  t h e  A rca ta  A i r p o r t  and 
McKi n l e y v i l  l e  l i e  on t h i s  surface. They a r e  separated by a  nor thwes t  
t r e n d i n g  scarp t h a t  proved, on t r ench ing ,  t o  be produced by a  h igh-ang le  
reve rse  f a u l t .  T h i s  f a u l t  i s  t h e  northernmost o f  seven reve rse  f a u l t s  
between here  and c e n t r a l  Arcata,  which t oge the r  comprise t h e  Mad R i v e r  
F a u l t  Zone (Carver ,  e t .  a1 . , 1983). We wi 11 see an exposure o f  one o f  
t hese  f a u l t s  on t h e  t h i r d  day o f  t h e  conference. 

The town o f  M c K i n l e y v i l  l e  was f i r s t  c a l l e d  Dows P r a i r i e ,  t h e n  
M i n o r v i l l e ,  a f t e r  one I saac  Minor, who founded t h e  town. M ino r  changed 
t h e  town 's  name t o  M c K i n l e y v i l l e  a f t e r  t h e  1901 a s s a s s i n a t i o n  o f  t h e  
p res iden t .  M i n o r ' s  name i s  s t i l l  a p p l i e d  t o  t h e  Minor  Creek, t h e  
t r i b u t a r y  o f  Redwood Creek t h a t  we v i s i t e d  e a r l i e r  today. 

51.7 A t  A rca ta  A i r p o r t  e x i t ,  l o o k  eas t  ( r i g h t )  t o  see a  Holocene f a u l t  scarp 
( n o t  t o  be confused w i t h  t h e  a i r p o r t  runway, j u s t  t o  t h e  no r thwes t ) .  
U n t i l  r e c e n t  work ( Woodward-Clyde consu l t an t s ,  1980) e s t a b l  i shed t h a t  t h i s  
and s i m i l a r  scarps were indeed t e c t o n i c ,  most people b e l i e v e d  t h a t  they  
were mar ine t e r r a c e  scarps. 



F i g u r e  34. Obl ique a e r i a l  photo ( A )  and accompanying ske t ch  
based on t he  photo ( B )  l o o k i n g  upstream a t  a 1 2  km reach  of 
t h e  Redwood Creek bas in  i n  t h e  upper  t h i r d  o f  t h e  watershed. 
The i n n e r  gorge i s  we1 1 developed a1 ong t h i s  reach o f  
Redwood Creek. 



From here, t h e  road descends from t h e  mar ine t e r r a c e  t o  Clam Beach. 
T r i n i d a d  Head, v i s i b l e  ahead t o  t h e  west, i s  u n d e r l a i n  by an 
i n t r u s i v e  complex o f  d i o r i t e ,  keratophyre,  t o n a l i t e ,  e tc .  I t i s  a  b lock  
i n  t h e  F ranc i scan  melange. T r i n i d a d  Head i s  a t t ached  t o  t h e  ma in land  by a  
mar ine  t e r race .  Sea s tacks on t h e  modern mar ine p l a t f o r m  a r e  v i s i b l e  
sou th  of T r i n i d a d  Head. Between T r i n i d a d  Head and P a t r i c k s  P o i n t ,  t h e  
c o a s t  i s  formed on Franc iscan  melange w i t h  a t  l e a s t  seven d i s t i n c t  t e r r a c e  
1  eve l s  r i s i n g  t o  t h e  eas t  in land .  These t e r r a c e s  have been warped i n t o  an 

: east -west  t r e n d i n g  a n t i c l i n e  (see Figs.  35 and 36, f rom Stephens, 1982). 
B o t h  t h e  heavy v e g e t a t i o n  and t h e  f a c t  t h a t  t h e  highway was 
c o n s t r u c t e d  w i t h o u t  a t t e n t  i o n  t o  geo log ic  p o i n t s  o f  i n t e r e s t  make i t  
imposs ib l e  t o  d i s c e r n  t h e  t e r r a c e  s teps  f rom t h e  road. 

53.9 Highway i s  cons t ruc ted  across Holocene dunes i n  Clam Beach, v i s i b l e  on 
t h e  west s i d e  o f  t h e  road. 

55.1 Vegetated dunes a re  v i s i b l e  t o  t h e  west near t h e  C ranne l l  Road e x i t .  
Most dunes t r e n d  nor thwes t  and formed i n  response t o  w i n t e r  winds from t h e  
southwest. 

55.2 L i t t l e  R i v e r  c r o s s i n g  

56.1 Melange and C ranne l l  dune sands a re  exposed i n  r oadcu ts  a1 ong highway. 
Re1 i e f  v i s i b l e  f r om road  i s  produced by t h e  mar ine t e r r a c e  scarps, b u t  
p a t t e r n  o f  scarps i s  obscured. 

58.8 T r i n i d a d  e x i t .  T r i n i d a d  i s  t h e  o l d e s t  town i n  t h e  Hurnboldt Bay area. -It 
was used as a  ha rbo r  u n t i l  Humboldt Bay was red iscovered ,  and was even 
i n c o r p o r a t e d  as t h e  county  seat  o f  "Klamath County." However, soon a f t e r  
t h e  red i scove ry  o f  Humbol d t  Bay, t h e  b u l k  o f  s h i p p i  ng and commerce moved 
sou th  and T r i n i d a d  was a1 1  b u t  abandoned. 

59.3 Sea s tacks  have been preserved on some o f  t h e  o l d  t e r r a c e s ,  now u p l i f t e d  
above sea l e v e l .  One such s tack i s  St rawberry  Rock, composed of 
greenstone, which can be seen t o  t h e  east. 

64.1 P a t r i c k s  P o i n t  t u r n o f f .  P a t r i c k s  P o i n t  S t a t e  Park i s  on t h e  l o w e s t  
mar ine  t e r r a c e  and con ta ins  a  number o f  preserved sea s tacks.  

64.6 Sands i n  roadcuts.  The magnitude o f  Quate rnary  de fo rma t i on  i n  t h i s  area 
i s  w e l l  i l l u s t r a t e d  by t h e  f a c t  t h a t  t h e  mar ine t e r r a c e  t h e  road  i s  b u i l t  
on here  i s  about 100 t o  150 m h igh  and t i l t s  down t o  sea l e v e l  i n  t h e  nex t  
few mi les.  Unconfo rmi t ies  w i t h i n  t h e  t e r r a c e  d e p o s i t s  show t h e  p rogress  
o f  t h e  t i l t i n g .  

65.9 B i g  Lagoon e x i t .  B i g  Lagoon i s  a lmost  t o t a l l y  u n a l t e r e d  excep t  f o r  t h e  
causeway b u i l t  f o r  Highway 101. Dur ing  most w in te r s ,  t h e  lagoon f i l l s  and 
t h e  s p i t  breaches one t o  f o u r  t imes, depending on t h e  r u n o f f  f r om Maple 
Creek. Most o f  t h e  breaches occur  a t  t h e  n o r t h  end o f  t h e  s p i t .  When t h e  
s p i t  breaches, t h e  lagoon empties i n  l e s s  t han  one day and t h e  b reach  
remains open anywhere f rom a  day t o  a  week be fo re  w i n t e r  waves r e b u i l d  a  
berm across t h e  breach. Stone Lagoon t o  t h e  n o r t h  behaves i n  t h e  same 
way, b u t  i t s  s p i t  does no t  breach as o f t e n  because o f  t h e  s m a l l e r  dra inage 
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Figure 35. Map o f  Late Quaternary marine terraces on the  
Tri n i d a d  Head1 ands. From Stephens, 1982. 
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b a s i n  supp ly ing  t h e  lagoon w i t h  water. B i g  Lagoon a p p a r e n t l y  formed 
w i t h i n  a  s t r u c t u r a l  depress ion s i m i l a r  t o  t h e  one a t  t h e  l o w e r  end o f  t h e  
Mad R iver .  The c o n t r o l l i n g  s t r u c t u r e  i s  t h e  B i g  Lagoon F a u l t ,  a  h i g h  
ang le  reverse  f a u l t  t h a t  o f f s e t s  Neogene sediments t h a t  b l a n k e t  t h e  
Franc iscan  melange t o  t h e  eas t  o f  B ig  Lagoon. The B i g  Lagoon F a u l t  
p a r a l l e l s  t h e  nor thwest  s i de  of t h e  lagoon. 

66.2 'Freeway ends. The road i n  t h i s  area f o l l o w s  t h e  t r a c e  o f  t h e  B i g  Lagoon 
Fau l t .  The 1981 earthquake, cen te red  o f f sho re ,  caused sand vo lcanoes and 
o t h e r  l i q u e f a c t i o n  f e a t u r e s  a long t h e  lagoon s i d e  o f  t h e  B i g  Lagoon s p i t .  

70.3 D i v i d e d  highway begins. 

71.4 You may be ab le  t o  ca tch  a  gl impse o f  Dry ~ a g o d n  t o  t h e  west ( l e f t ) .  

71.7 End o f  d i v i d e d  highway. 

73.4 A t  about t h i s  p lace,  t h e  highway crosses t h e  B a l d  Mounta in  F a u l t ,  
sepa ra t i ng  Franc iscan  melange on t h e  south f rom Redwood Creek s c h i s t  on 
t h e  nor th .  

73.9 Stone Lagoon t o  west. 

76.2 Highway t r a v e r s e s  s p i t  o f  Freshwater Lagoon. The lagoon has a  very  smal l  
d ra inage  area. Even be fo re  t h e  highway was b u i l t  across t h e  Freshwater  
Lagoon s p i t ,  t h e  s p i t  a lmost never breached, which p robab ly  accounts f o r  
t h e  name of t h e  lagoon. 

76.6 New v i s i t o r s  cen te r ,  Redwood Nat iona l  Park, a t  sou th  end of Redwood Creek 
beach. 

78.5 Road crosses l owe r  Redwood Creek. Note levees  a long  b o t h  s i des  of t h e  
Creek. . The levees extend from t h e  mouth o f  t h e  creek t o  t h e  head of t h e  
bot tom lands approx imate ly  f o u r  km upstream. 

We a r e  e n t e r i n g  t h e  town o f  Orick, which used t o  be suppor ted  
e x c l u s i v e l y  by l o g g i n g  u n t i l  t h e  c r e a t i o n  o f  t h e  N a t i o n a l  Park. Now, 
t o u r i s m  i s  one o f  t h e  major  sources o f  income. A l l  o f  t h e  f o r e s t e d  
h i 1  l s l o p e  l a n d  v i s i b l e  f rom t h e  road i s  w i t h i n  Redwood N a t i o n a l  
Park, b u t  t h e  bottomlands occupied by t h e  town o f  O r i ck  and t h e  p r a i r i e s  
t o  t h e  nor thwes t  a r e  e n t i r e l y  p r i v a t e l y  owned. 

78.6 L e f t  t u r n  on to  road marked "Coastal Access". Fo l l ow  f i s h i n g  s i g n s  t o  
p a r k i n g  a t  estuary .  Note t h a t  t h e  l a s t  downstream meander o f  Redwood 
Creek was bypassed d u r i  ng channel i z a t  ion. 

80.5 STOP 2 - MOUTH OF REDWOOD CREEK - LUNCH STOP 
F i g u r e  37 shows t h e  l o c a t i o n  o f  t h e  a f t e rnoon  stops. 
Be fo re  lunch,  Cindy Ricks w i  11 d iscuss  t h e  dynamics o f  t h e  Redwood Creek 
es tuary ,  i n c l u d i n g  t h e  e f f e c t s  o f  t h e  levees on sediment t r a n s p o r t  and 
d e p o s i t i o n  i n  lower  Redwood Creek and t h e  estuary .  
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F i g u r e  37. Map o f  t h e  l owe r  Redwood Creek b a s i n  showing 
l o c a t i o n  of f i e l d  t r i p  r o u t e  and s tops  w i t h i n  Redwood 
N a t i o n a l  Park. 



I. REDWOOD CREEK ESTUARY, By Cynthia Ricks 

Since t h e  e a r l y  1950s, t h e  d i s t r i b u t i o n  o f  sediment a t  t h e  mouth of 
Redwood Creek has been a l t e r e d  by t h e  e f f e c t s  o f  channel aggradat ion  and 
channe l i za t i on  along t h e  lower reach. Severe f l o o d i n g  i n  1953, 1955, and 
1964 caused bank eros ion,  1  andsl i d i  ng , and channel geometry changes a1 ong 
Redwood Creek. The increased sediment l oad  r e s u l t e d  i n  channel aggradat ion  
and widening along t h e  lower f l o o d p l a i n  (see Fig. 38). P r i o r  t o  1966, 
f loods scoured t h e  n o r t h  slough, midd le  slough, and main channel, t hus  
ma in ta in ing  a  ho le  adjacent  t o  t h e  n o r t h  c l i f f s  a t  l e a s t  20 f e e t  deep. 
The December 1964 f l o o d  scoured the  e n t i r e  beach from t h e  n o r t h  c l i f f s  
sou th  t o  t he  former Cal-Paci f i c  M i l  1  s i t e .  Floods genera l l y  depos i ted  
m a t e r i a l  across t h e  f l o o d p l a i n  from t h e  conf luence w i t h  P r a i r i e  Creek t o  
t h e  middle i s land .  Flood damage i n  t h e  town o f  Or ick  prompted 
channel i z a t i o n  o f  Redwood Creek i n  1966-1968. The d i  s t r i b u t  i o n  of 
e ros iona l  and depos i t i ona l  s i t e s  a t  t h e  mouth has been more d r a s t i c a l l y  , 

a l t e r e d  by t h e  e f f e c t s  o f  channe l i za t i on  than o f  aggradation. 

As we d r i v e  a1 ong t h e  south levee toward t h e  mouth o f  Redwood Creek, 
no te  t h e  l a s t  downstream meander which was bypassed and i s o l a t e d  f rom t h e  
mai n  channel o f  Redwood Creek d u r i  ng channel i zat ion .  Channel i z a t  i o n  was 
accompanied by removal of bed roughness elements, shapi ng a t r a p e z o i d a l  
channel w i t h  an increased hydraul i c  rad ius,  and steepening the  channel 
g rad ien t .  Th is  caused an increase i n  t h e  mean v e l o c i t y  and frequency of 
mobi l  i z a t  i o n  o f  t h e  subs t ra te  between t h e  levees. With s t rearnf l  ow conf ined 
between t h e  levees, sediments deposi ted i n  t h e  l a s t  downstream meander 
( sou th  slough) and n o r t h  slough are no longer  f l ushed  from t h e  mouth of 
Redwood Creek. Since 1966, 47 t o  54 percent  o f  t h e  lower  es tua ry  (between 
zero  and f o u r  f e e t  above mean sea l e v e l )  has f i l l e d  w i t h  sediment o r  become 
i s o l a t e d  from t h e  embayment (see Figures 39 and 40). 

Sediment y i e l d  o f  Redwood Creek i s  .among t h e  h ighes t  f o r  a  b a s i n  of 
i t s  s i z e  i n  No r th  America, bu t  under present  c o n d i t i o n s  f l u v i  a1 sediment 
i s  no t  accumulat ing a t  t h e  mouth. Heavy minera l  and t e x t u r a l  d a t a  i n d i c a t e  
t h a t  d u r i  ng h i g h  t o  moderate s t reamf l  ow, sand- and gravel  - s i z e d  sediment 
i s  flushed through the  embayment. Overwash across the storm berm and 
t i d a l  c u r r e n t  t r a n s p o r t  a re  t h e  dominant processes o f  d e p o s i t i o n  i n  t h e  
sloughs, d e l i v e r i n g  marine sediment t o  t h e  estuary. 

Sediment accumulat ion has a l so  a l t e r e d  t h e  seasonal sequence of 
m i g r a t i o n  and c losu re  o f  t h e  o u t f l o w  channel which determines t h e  embayment 
water  volume, subs t ra te  d i  s t r i  bu t  ion, and water qua1 i t y  d u r i  ng t h e  low 
f low pe r i od  f rom sp r i ng  t o  e a r l y  f a l l .  Since t h e  volume o f  wa te r  sub jec t  
t o  t i d a l  f l u c t u a t i o n s  ( t i d a l  pr ism) has decreased, t h e  ebb t i d e  c u r r e n t  
ve l  oc i  t y  has a1 so de.creased, r e s u l t i n g  i n  e a r l i e r  m i g r a t i o n  and c l o s u r e  
of  t h e  o u t f l o w  channel. When t h e  r a t e s  o f  outf low, seepage, and 
evapora t ion  do no t  exceed t h e  stream discharge, t h e  embayment expands, 
becoming connected w i t h  t h e  produc t ive  n o r t h  and south sloughs (F igu re  41). 
More frequent c l osu re  and f l o o d i n g  o f  backwater areas and ad jacen t  pastures 
has h i s t o r i c a l l y  l e d  t o  a r t i f i c i a l  breaching o f  t h e  berm. I n  t h e  past, 
such premature breaching re leased 75 percent  o f  t h e  embayed wa te r  volume 
be ing .used by 20,000 j u v e n i l e  salmonids f o r  summer r e a r i n g  h a b i t a t .  



average bank 

F i g u r e  38. Bank p o s i t i o n s  a long t h e  l a s t  downstream meander 
of  Redwood Creek, 1936-1967. F i g u r e  f rom R icks ,  i n  press. 
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F i g u r e  39. P r o f i l e  l o c a t i o n s  f o r  c ross-sec t ions  a t  t h e  mouth 
of Redwood Creek. F igure  from Ricks, i n  press. 
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F i g u r e  40. Topographic p r o f i l e s  across t h e  mouth o f  Redwood 
Creek. Both p r o f i l e s  r u n  f rom SW t o  NE across t h e  
1 ongi t u d i  na l  dune i n t o  t h e  embayment. Top ( A ) ,  mouth p r o f i l e  
Y. Bottom ( B ) ,  mouth p r o f i l e  Z. P r o f i l e  l o c a t i o n s  on F igu re  
39. F igu re  from Ricks,  i n  press. 
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F i g u r e  41. Mouth o f  Redwood Creek: ob l i que  views f rom t h e  
t o p  of t h e  n o r t h  c l i f f s  l o o k i n g  t o  t h e  south. A, January 
12, 1980. B, A p r i l  19, 1980. C, June 14, 1980. F igu re  
from Ricks,  i n  press. 



I I. MAGNITUDE AND DYNAMICS OF SEDIMENT STORAGE I N  REDWOOD CREEK 
(From Madej, 1984) 

We have now seen Redwood creek a t  a  mid-basi  n  l o c a t i o n  ( t h e  upper 
end o f  Redwood V a l l e y )  and we have seen t h e  Redwood Creek channel '  i n  i t s  
1  owermost reaches a t  t h e  channel ized estuary .  Mary Ann Madej , g e o l o g i s t  
f o r  Redwood Na t i ona l  Park, has conducted ex tens i ve  s t u d i e s  o f  t h e  magnitude 
and dynamics o f  sediment s torage a long  t h e  105 km l o n g  main channel o f  
Redwood Creek and w i l l  d i scuss  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  d u r i n g  t h e  
l unch  stop. The f o l l o w i n g  paragraphs a re  e d i t e d  f rom Madej, 1984. 

Storage o f  a l l u v i u m  i n  t h e  mainstem o f  Redwood Creek was q u a n t i f i e d  
f o r  t h r e e  t i m e  per iods  spanning 35 years,  1947, 1964 ( p o s t - f l  ood), 
and 1980. An unusual amount o f  aggrada t ion  occur red  d u r i n g  t h e  December 
1964 f l o o d  (a  50-year f l o o d ) ,  i n c r e a s i n g  t h e  t o t a l  volume of sediment 
s t o r e d  on t h e  v a l l e y  f l o o r  by almost 1.5 t imes  t o  16 x  1 0 6  m 3 .  
H igh  l a n d s l i d e  a c t i v i t y  du r i ng  t h e  1964 f l o o d  c o n t r i b u t e d  t o  5.25 x  l o 6  
m3 t o  t h e  mainstream o f  Redwood Creek, and channel s to rage  inc reased  by 
4 . 7 4 ~ 1 0 6 1 1 1 3 .  F i g . 4 2 s h o w s c u m u l a t i v e l a n d s l i d e i n p u t t o t h e  . 
mainstem and d e p o s i t i o n  i n  t h e  channel r e s u l t i n g  f rom t h e  December 1964 
f l o o d .  Moderate t o  h i g h  f l o o d  f l o w s  ( 2  t o  20 y e a r  r ecu r rence  i n t e r v a l s )  
f o l l o w i n g  1964 eroded sediment i n  t h e  upper b a s i n  and redepos i t ed  i t  i n  
downstream reaches. I n  add i t i on ,  f loods i n  1972 and 1975 deposited 
sediment i n  downstream reaches. As a  r e s u l t ,  t h e r e  was l i t t l e  change i n  
t h e  t o t a l  sediment on t h e  v a l l e y  f l o o r .  Th i s  m i g r a t i o n  o f  a  s l u g  of 
sediment down Redwood Creek was easy t o  f o l l o w  on success ive resurveys  o f  
channel c ross -sec t i ons  a long  t h e  main channel. F i g u r e  43 shows t h r e e  
c ross -sec t i ons  from r e p r e s e n t a t i v e  reaches o f  Redwood Creek. 
Cross-sec t ion  40 i s  l o c a t e d  i n  t h e  upper b a s i n  and shows t h e  i nc rease  i n  
channel bed e l e v a t i o n  i n  the '1960s  and a subsequent decrease t o  almost t h e  
1953 l e v e l .  Downcut t ing th rough sediments depos i ted  i n  1970 occu r red  a t  
c r o s s - s e c t i o n  25, b u t  aggrada t ion  i s  s t i l l  o c c u r r i n g  near  t h e  mouth, a t  
c r o s s - s e c t i o n  6. Because o f  t h e  r e l a t i v e l y  s imple,  e l onga te  b a s i n  
geometry of Redwood Creek compared t o  t h e  Van Duzen bas in ,  downstream 
movement o f  t he  l ocus  o f  aggrada t ion  was s t r a i g h t f o r w a r d  i n  Redwood Creek, 
b u t  complex i n  t h e  Van Duzen River .  

P resen t l y ,  sediment i s  s t o r e d  i n  severa l  geomorphic compartments, 
and some colnpart~nents (such as recen t  g rave l  f l o o d  t e r r a c e s ,  d e b r i s  jams, 
s t a b l e  a l l u v i a l  t e r r a c e s  and s t r a t h  t e r r a c e s )  a r e  o n l y  found i n  p a r t i c u l a r  
reaches o f  Redwood Creek. Boundaries o f  t h e  upper, midd le,  and l owe r  
reaches a r e  shown i n  F i g u r e  44. F i g u r e  45 i s  a  l o n g i t u d i n a l  p r o f i l e  o f  
Redwood Creek showing t h e  d i s t r i b u t i o n  o f  l o c a l i z e d  sediment compartments. 
P o t e n t i a l  mobi 1  i ty  o f  sediment s t o r e d  i n  Redwood Creek was c h a r a c t e r i z e d  
as a c t i v e ,  semi-act ive,  i n a c t i v e  and s tab le ,  depending on i t s  d i s t a n c e  
from and h e i g h t  above t h e  thalweg, and t h e  age and t y p e  o f  v e g e t a t i o n  on 
t h e  deposi t .  F ig .  46 a, b  i s  a  schematic c ross  s e c t i o n  and p l a n  view o f  
t hese  f o u r  t ypes  o f  sediment r e s e r v o i r s  i n  Redwood Creek. 

To i d e n t i f y  a c t i v e  sediment i n  t h e  channel bed, t h e  amount o f  scour  
and f i l l  o c c u r r i n g  d u r i n g  v a r i o u s '  f l o w s  was determined t h rough  scour  cha ins  
and d ischarge  measurement notes. I n  t h i s  gravel-bedded stream, dep th  o f  
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Figure 42. Cumulative volumes of t o t a l  landslide input t o  the mainstem of 
Redwood Creek and the deposition i n  Redwood Creek resul t ing  fran the  
December 1964 flood. Landslide data are from Kelsey and others ( i n  press). 
Figure from Madej , 1984. 
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Figure 44. Sketch map o f  Redwood Creek showing lower, middle 
and upper reaches. 
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Figure  45. Longi t u d i  nal p r o f  i 1 e o f  Redwood Creek showi ng 
d i s t r i b u t i o n  o f  1 ocal i zed sediment compartments a1 ong 
c e r t a i n  reaches o f  t he  creek. Va l l ey  widths f o r  Redwood 
Creek a re  drawn on the  same h o r i z o n t a l  sca le  as t h e  p r o f i l e .  
F i n l ~ r ~  frnm Madpi 1984. 



F i g u r e  46.a. Schematic c ross  s e c t i o n  o f  f o u r  sediment 
r e s e r v o i  r s  i n Redwood Creek: a c t i v e  (Ac) , semi - a c t i v e  (Sa) , 
i n a c t i v e  ( I a )  and s t a b l e  ( S t )  sediment. F i gu re  f rom 
Madej, 1984. 

F i g u r e  46.b. Schematic p l a n  view o f  f o u r  sediment r e s e r v o i r s  
i n  Redwood Creek. F i g u r e  f rom Madej, 1984. 



scour  inc reases  downstream f o r  equ i va len t  d ischarges and dep th  of scour 
i ncreases w i t h  increasi 'ng d ischarge a t .  a  g iven  s t a t i o n .  Sediment was no t  
d i s t r i b u t e d  un i f o rm ly  downstream and maximum r e c e n t  d e p o s i t  i o n  occur red  i n  
areas o f  p rev ious  depos i t  ion.  Sediment d i s t r i b u t i o n  i s  c o n t r o l  l e d  more by  
v a l l e y  w i d t h  t h a n  by channel g rad ien t ,  s i t e s  o f  sediment i n p u t ,  o r  
d ra inage  area. F ig .  47 shows t h e  cumula t i ve  volume and s p a t i a l  
d i s t r i b u t i o n  o f  s t o r e d  sediment i n  Redwood Creek f o r  1947, 1964,  and 1980. 

E ros ion  o f  bed sediment t h a t  had been depos i ted  i n  t h e  1964 f l o o d  
c o n t r i b u t e d  g r e a t l y  t o  annual bedload t r a n s p o r t  i n  t h e  upper  reaches o f  
Redwood Creek f o r  severa l  years  a f t e r  t h e .  1964 f l o o d .  Cu r ren t  sediment 
y i e l d s  f o r  Redwood Creek a re  2,700 m e t r i c  tons  per  square k i l  ometer p e r  
y e a r  (t/km2 / y r )  i n  t h e  upper b a s i n  and 2,200 t/km2 /yr a t  t h e  mouth, 
and bedload c o n s t i t u t e s  20% and 11% o f  t h e  t o t a l  l o a d  a t  these  s t a t i o n s ,  
r espec t  ive lya 

Residence t imes  o f  a c t i v e  and semi -ac t i ve  sediment g e n e r a l l y  decrease 
downstream, b u t  i nc rease  f o r  s t a b l e  sediment. Residence t imes  range f rom 
decades f o r  sediment i n  t h e  a c t i v e  channel bed t o  thousands o f  yea rs  f o r  
sediment i n  s t a b l e  f l o o d p l a i n  deposi ts .  Table 1 shows r e s i d e n c e  t imes  
f o r  sediment i n  t h e  four  d i f f e r e n t  sediment s to rage  r e s e r v o i r s  f o r  t h e  
upper,  midd le,  and l o w e r  s tudy reaches ( l o c a t e d  on F igu res  44 and 46a). 
Average v e l o c i t i e s  o f  s t o red  sediment a r e  h i ghes t  f o r  a c t i v e  sediment, and 
decrease w i t h  decreas ing  a c t i v i t y  l e v e l s .  Recovery t ime  f o r  t h e  channel 
i n response t o  t h e  1964 f l o o d  has been slow, and t o t a l  r ecove ry  w i  11 t a k e  
more t h a n  a  century .  

We w i l l  l eave  s top  2  a t  1 :30 p.m. Return t o  Highway 101. 

82.4 Highway 101; t u r n  r i g h t .  

83.5 J u n c t i o n  w i t h  H i l t o n  Rd.; t u r n  l e f t  on H i l t o n  Rd. We a r e  e n t e r i n g  p a r t  
o f  t he -p rev ious l y - l ogged  p o r t i o n  o f  Redwood Na t i ona l  Park. A1 1  around us 
i s r e l a t i v e l y  new vege ta t i on ,  mai n l y  hardwoods; which impai r ou r  a b i l  i ty 
t o  see any v i s t a s .  Our r o u t e  th rough t h i s  p a r t  o f  t h e  park  i s  sou theas t  
a l ong  t h e  d i v i d e  between Redwood Creek dra inage and Stone Lagoon drainage, 
and t hen  nor thwes t  i n t o  t h e  t r i b u t a r y  b a s i n  o f  McArthur Creek and 
sou theas t  i n t o  t h e  Tom McDonald Creek b a s i n  (F ig .  37).  

Slope processes a c t i v e  i n  t h e  p a r t  o f  Redwood Creek u n d e r l a i  n  by 
s c h i s t  i n c l u d e  d e b r i s  f l ows ,  b lock  g l  i d e - e a r t h f l o w  complexes and 
s o i l  creep. Our two s tops  w i t h i n  t h e  park w i l l  be a t  d e b r i s  f lows,  b u t  i t  
i s  impo r tan t  t o  no te  t h a t  much l a r g e r  t r a n s l a t i o n a l  l a n d s l  i d e s  do occur i n  
t h e  f o r e s t e d  area o f  t h e  park u n d e r l a i n  by s c h i s t  (see  Sonnevi l  and o thers ,  
t h i s  volume). 

Recent r a i  ny wi n t e r s  have caused ex tens i ve  l a n d s l  i d i  ng i n ' t h e  park. 
Sonnevi 1  and LaHusen (personal  communication) have 1  ocated 40 d e b r i s  
f l o w s  which occur red  i n  t h e  w i n t e r  o f  1981-82 and 28 r e s u l t i n g  f r om storms 
i n  t h e  w i n t e r  o f  1982-83, v i r t u a l  l y  a1 1  on s c h i s t  t e r r a i n .  These d e b r i s  
f l o w s  a re  assoc ia ted  w i t h  a )  s teep  slopes, b )  t opog raph i c  p o s i t  i o n  be1 ow 
convex b reaks - i  n - s l  ope i n  headwater swales and i n n e r  gorges ( see  be1 ow), 
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TABLE 1 

Residence times o f  sediment i n  storage r e s e r v o i t s .  

V e l o c i t y ,  V 
Sediment Reservoi r s  Residence Time Functions - Years m/y r 

Act ive  0.09 [x, 0 .54 0. 
L - X1 

2 6 1365 -upper reach (35.5 km) ,la I# 

-middle reach (33 ,3  km) 

- lower reach (35.6  km) 

Semi - a c t i v e  

-upper reach 

-middle reach 

-1 ower reach 

I n a c t i v e  

-upper reach 

-middle reach 

- lower reach 

-upper reach 

-middle reach 

0 .33  [ X ,  0 .48 0.48, - XI 

-1 ower reach 



c )  s p e c i f i c  s o i l s  ( e s p e c i a l l y  the  Devi lscreek s o i l s )  w i t h  a  m o t t l e d  
subsurface hor izon i n d i c a t i v e  o f  pe r iod i ca l  l y  sa tura ted  condi t ions, and d)  
t h e  p o s i t i o n  o f  logg ing  roads and sk id  t r a i l s  (LaHusen, 1984). LaHusen 
(1984) pos tu la tes  t h a t  compaction o f  s o i l  hor izons due t o  t h e  placement of 
t h e  road and s k i d  t r a i l  f i l l s  may have lowered t h e  p e r m e a b i l i t y  o f  t h e  
Devi lscreek s o i l s .  Consequently, increased pore water  pressures and 
p a r t i a l  s a t u r a t i o n  o f  t he  road f i l l s  caused by e levated groundwater l e v e l s  
may be impor tan t  deb r i s  f l o w  i n i t i a t i o n  mechanisms. 

I n  t h e  Van Duzen basin, we saw the  prevalence o f  d e b r i s  s l i d e s  a t  
s lope p o s i t i o n s  j u s t  below the  break- in-s lope o f  t h e  i n n e r  gorge. I n  
1  ower Redwood Creek basin, shal low deb r i s  f low-type f a i  1 ures a r e  a1 so 
preva len t  j u s t  downslope o f  t h e  broad, convex d i v i d e s  o f  many Redwood 
Creek t r i b u t a r i e s .  F igure 48, a  sketch taken from LaHusen (1984), shows 
b o t h  o f  t he  comrnon h i l l s l o p e  p o s i t i o n s  o f  deb r i s  s l i d e s  and d e b r i s  f l ows  
i n  t he  Redwood Creek basin: i nne r  gorge and below broad, convex d iv ides .  
Our f i r s t  stop t h i s  a f te rnoon w i l l  be a t  a  slope break j u s t  be1 ow a  
broad d iv ide .  

F igure  49 dep ic t s  a  h i 1  l s l o p e  p r o f i l e  il l u s t r a t i n g  a  t y p i c a l  
d e b r i s  f l o w  i n i t i a t i o n  s i t e .  Although s o i l  th ickness  and, i n  some 
instances, s o i l  types may vary; l o c a l l y  a1 1 deb r i s  f l o w  i n i t i a t i o n  s i t e s  
e x h i b i t  common hydro1 ogic  and physical  cont ro ls .  These i nclude a  marked 
decrease i n  pe rmeab i l i t y  and increase i n  cohesion o f  m a t e r i a l s  be1 ow 
f a i  1  u re  surfaces. A1 1  f a i  1  ures examined occurred a t  t h e  boundary between 
reg01 i t h  (predomi n a n t l y  c o l l  uvium) and bedrock. I n  some 1  oca t  ions, 
p a r t i c u l a r l y  those occu r r i ng  i n  t h e  upper h i 1  1  s lope pos i t i ons ,  bedrock 
cons i s t s  o f  hard sch is t .  However, a t  many i n i t i a t i o n  s i t e s ,  p a r t i c u l a r l y  
most of those occur r ing  w i t h i n  Devi lscreek s o i l s ,  bedrock c o n s i s t s  of a  
h i g h l y  sheared, dark black, quar tz-mica- fe ldspar  s c h i s t  w i t h  abundant 
carbonaceous ma te r ia l .  

The focus o f  t he  on-going research we w i l l  see a t  t h e  nex t  two stops 
i s .  t h e  development o f  models f o r  t h e  deb r i s  f lows,  w i t h  p a r t i c u l a r  
ernphas:is on determin ing t h e  hydro log ic  c h a r a c t e r i s t i c s  o f  t h e  s o i l  and the 
groundwater response d u r i  ng storms. 

86.5 Road i s  on a  f l a t  beveled a1 l u v i a l  sur face  between McArthur Creek and 
Stone Lagoon. 

87.6 Road drops i n t o  McArthur Creek. Road cu ts  expose Redwood Creek sch is ts .  

90.1 The h igh  bankcut on t h e  r i g h t  exposes s o i l s  o f  t h e  T ra i l head  s e r i e s  
(Ul t i s o l s  : clayey, o x i d i c ,  isomesic Or thox ic  Tropohumul t s ) .  These 
s o i l s  have redd ish  (5YR t o  2.5YR) c l a y  a r g i l l i c  B t  hor izons  rang ing  from 
about 1.5 t o  3 meters t h i c k .  There i s  40 t o  60 percent  d a y  i n  t h e  
a r g i l l i c  horizon. Tra i lhead s o i l s  are found on most of t h e  broad, r o l l i n g  
r i dges  and upper sideslopes u n d e r l a i n  by s c h i s t  i n  Redwood Na t iona l  Park. 
Some T r a i  1  head p r o f  i 1 es con ta i  n  remnants o f  t e r r a c e  sediments, i n c l u d i  ng 
rounded c l a s t s  o f  Franciscan sedimentary o r  Klamath R i v e r  ( p l u t o n i c )  
1 i t ho logy .  The under ly ing  s c h i s t  bedrock i s  s t r o n g l y  weathered and 
reddened t o  a  depth of several meters below t h e  p a r a l i t h i c  contac t .  
Advanced s o i l  development and deeply weathered bedrock il l u s t r a t e  t h e  



F i g u r e  48. Diagrammatic v iew i 1  l u s t r a t i n g  deb r i s - f l ow -p rone  
l o c a t i o n s  i n  ephemeral stream headwaters and i n n e r  gorge 
areas be1 ow convex s lope  breaks. 
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Figure 49. Ideal ized h i l l s lope  p r o f i l e  showing a  typical  debris f low i n i t i a t i o n  
s i t e  i n  Redwood National Park. Note t h a t  f a i l u r e s  i n i t i a t e  as a  coherent block 
o r  "s l id ing  wedge" and tha t  much o f  the  f a i l u r e  surface coincides w i t h  the  
base of  the regol i th .  



importance o f  chemical d i s s o l u t i o n  i n  t h i s  c l i m a t e  on r e l i e f  w i t h  
comparat ive ly  low eros iona l  a c t i v i t y .  

90.4 Junc t i on  w i t h  L - l i n e  Road; t ake  L - l i n e  Road t o  t h e  south. 

90.7 Veh ic les  w i l l  park i n  t h i s  area and we w i l l  walk 0.2 m i l e s  t o  Stop 3. 

STOP 3  - DEBRIS FLOW ON L-LINE AND ADJACENT MONITORING SITE 
Th is  l a n d s l i d e  f a i l e d  i n  t h e  w i n t e r  o f  1981-82, producing a  d e b r i s  t o r r e n t  
t h a t  extended i n t o  McArthur Creek and dammed t h e  low g rad ien t  upper reach 
o f  McArthur Creek. A  d e b r i s  dam lake s t i l l  e x i s t s  i n  t h e  channel (see 
Fig.  50.) The f a i l u r e  incorpora ted  3300 cub ic  yards o f  road f i l l ,  
s o i l ,  and co l l uv ium a t  t h e  i n i t i a t i o n  s i t e  and approximately 8,000 cub ic  
yards  o f  r e g o l i t h  and organic deb r i s  were deposited i n  McArthur Creek. 
The f a i l u r e  occurred near t h e  head o f  a  swale, j u s t  below a  broad, convex 
r idge.  

S o i l  p r o f i l e s  a t  t h i s  stop are t r a n s i t i o n a l  i n  c o l o r  and development 
between t h e  s t r o n g l y  developed U l t i s o l s  on gent le ,  upper s lopes and t h e  
moderately developed, brownish I n c e p t i s o l s  t h a t  dominate steep sides1 opes. 
The cont ras t ,  here, between t h e  very deep r e g o l i t h  i n  hol lows and t h i n  
r e g o l i t h  on adjacent,  convex slopes seems t o  be t y p i c a l  o f  upper mountain 
slopes i n  nor thwestern Cal i f o r n i a .  The we1 1  -de f ined s o i l  - topographic 
boundary a t  t h e  break- in-s lope creates f o r  us a  c o l o r f u l  i l l u s t r a t i o n  of 
h i l l s l o p e  processes a t  work. Note t h e  t r a n s i t i o n  from r e d d i s h  s o i l s  and 
deeply weathered bedrock a t  t he  top  o f  t h e  r i d g e  t o  brownish s o i l s  and 
much f r e s h e r  bedrock downs1 ope. Note t h e  i nhornogenei ty o f  c o l  l u v i  um i n 
t h e  hollows. It conta ins  s o i l  and rock i n  a  v a r i e t y  o f  weathering states,  
some s t r a t i f i e d  and some mixed, a l l  rough ly  t raceab le  t o  a  p a r t i c u l a r  s o i l  
o r  rock source on t h e  landscape. Use o f  s o i l s  as t r a c e r s  cou ld  be a  
va luab le  technique f o r  documenting geomorphic pa t te rns  and processes. 

Sonnevi l  and LaHusen have es tab l ished a  mon i to r ing  network on an 
adjacent  swale (F ig.  51) t o  de f i ne  t h e  groundwater movement and r e l a t e  
groundwater t o  p rec i  p i  t a t  i o n  and t o  s lope movement processes. There were 
t e n s i o n  cracks present  i n  t h i s  swale when t h e  piezometers were i n s t a l  led. 
F igu re  51 i s  a  topographic map o f  t h i s  mon i to r ing  s i t e  showing 
piezometer 1  ocat ions  and re levan t  morphologic features. D r i l l  i ng du r ing  
piezometer i n s t a l l a t i o n s  i n d i c a t e d  t h a t  over s i x  meters o f  c o l l u v i u m  
e x i s t s  w i t h i n  t h e  swale upslope o f  t h e  road wh i l e  l e s s  than  t h r e e  meters 
a r e  present  i n  t h e  swale a t  t h e  base o f  t h e  r o a d f i l l .  Th is  c o n t r a s t  
i n d i c a t e s  t h a t  t h i s  s i t e  i s  a  c o 1 l u v i u m - f i l l e d  bedrock ho l low w i t h  a  
bedrock l i p  between t h e  road sur face and t h e  base o f  t h e  r o a d f i l l .  

Groundwater da ta  a t  t h i s  s i t e  a re  being c o l l e c t e d  from an a r r a y  o f  
24 piezometers. Piezometr ic  stages are  recorded from a l l  piezometers 
on a  weekly bas i s  o r  a f t e r  each s i g n i f i c a n t  r a i n f a l l  event. P iezometr ic  
c r e s t s  a re  recorded on c r e s t  s t a f f  gages (Fig. 52) and several  
piezometers have pressure transducers w i t h  da ta  recorders sampling a t  
15 m i  nu te  i n t e r v a l  s. The data recorders and pressure t ransducers were 
designed and cons t ruc ted  by LaHusen. F igure  53 i s  a  cross-sect  i o n  o f  
t h e  h i l l s l o p e  p r o f i l e  along t h e  c e n t e r l i n e  o f  t h e  swale. P iezomet r ic  
da ta  recorded i n  February, 1984 were used t o  cons t ruc t  t h i s  f l o w  n e t  f o r  



Figure 50. Stereo photo pair showing vicinity of S top  3. Note debris torrent 
originating a t  the L-1 i  ne road and resultant debris dam in McArthur Creek. 
Adjacent swal e (marked on photo) i s  the groundwater monitoring s i t e  depicted 
in  Figure 51. Debris torrent fa i lure  occurred in December 1981 and photo 
was taken i n  June 1984. 



F i g u r e  51. Topographic map showing piezometer network on and 
upslope o f  an i n c i p i e n t  d e b r i s  f l o w  i n i t i a t i o n  s i t e .  The 
1 ower l i m i t  o f  r o a d f i l l  co inc ides  w i t h  t h e  . lowest  
piezometers. Tension cracks appeared i n  December 1981 and 
were cont inuous be fo re  cons t ruc t  i o n  o f  crossroad d r a i  ns. 
Piezometers were i n s t a l l e d  i n  January, 1984. 



Figure  52. Diagrammatic view o f  p i  ezometer i n s t a l  l a t i on .  Piezometer casing 
c o n s i s t s  o f  24 mm diameter PVC p ipe  w i t h  t h e  1 ower 45 cm s lot ted.  Piezometers 
vary f rom 2 t o  8 m i n  depth. Crest  s t a f f  gage i s  a s t r i p  of PVC 12 mm wide. 
Past  c r e s t  and cu r ren t  stage may be read by removing gage and no t ing  l oca t ions  
o f  granul a ted cork 1 i nes. Home-made e l  e c t  r o n  i c instruments record p i  ezometri c 
stage every 15 min. on memory modules s u i t a b l e  f o r  d i r e c t  t rans fe r  t o  
microcomputer system. 



Figure  53. Hi1 l s l o p e  cross-sect i o n  a1 ong center1 i ne o f  swale a t  S top  3. Flow 
n e t  devel oped from p i  ezometr ic da ta  shows e levated ground water 1 eve1 beneath 
road. Re f rac t i ng  st reaml ines a r e  cons i s ten t  w i t h  a decrease i n  h y d r a u l i c  
c o n d u c t i v i t y  due t o  compaction o f  under ly ing  s o i l  horizons. 
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t h e  sa tura ted  zone. Al though on ly  r e l a t i v e l y  minor  antecedent  storms 
( <  two year  r e t u r n  i n t e r v a l  ) occurred, evidence o f  groundwater 
pe r tu rba t i ons  i s  present. Note t h a t  p o s i t i v e  pore water  p ressures  were 
found w i t h i n  t h e  r o a d f i l l  ma te r i a l  above t h e  o r i g i n a l  ground surface. I n  
add i t i on ,  t he  downward r e f r a c t i o n  o f  t h e  stream1 ines  as they  pass under t h e  
road i n d i c a t e  t h a t  a  two- t o  f i v e - f o l d  decrease i n  h y d r a u l i c  c o n d u c t i v i t y  
has occurred. More i n tense  r a i n f a l l  events would c r e a t e  a  more pronounced 
"groundwater mound" eventual l y  culmi n a t i n g  i n  d e b r i s  f l  ow i n i t  i at ion .  

Besides t h e  h y r o l o g i c  da ta  c o l l e c t e d  a t  t h i s  s i t e ,  f o u r  a d d i t i o n a l  
1  ocat ions along t h e  L-1 i ne road a1 ignment are being mon i to red  a t  a  much 
l e s s  i n t e n s i v e  l eve l .  Two of these l o c a t i o n s  are observable on t h e  walk 
back t o  t h e  vehic les.  These a d d i t i o n a l  mon i to r i ng  s i t e s  expand t h e  da ta  
base f o r  a  s t a b i l i t y  a n a l y s i s  o f  t he  L - l i n e  road f i l l s .  

U l t i m a t e l y ,  Sonnevi l  and LaHusen hope t o  c r e a t e  a  model of d e b r i s  
f l o w  fo rmat ion  a t  t h i s  h i l l s l o p e  pos i t i on .  They w i l l  d i scuss  some 
p r e l i m i n a r y  r e s u l t s  o f  t h e i r  modeling. One p r a c t i c a l  r e s u l t  of t h e i r  
research w i l l  be t o  t e l l  r e h a b i l i t a t i o n  crews how much m a t e r i a l -  needs t o  
be removed from o l d  road f i l l s  t o  prevent  t h e  k i n d  o f  d e b r i s  f l ow  f a i l u r e s  
obvious a t  t h i s  s i t e .  Removal o f  t h e  e n t i r e  road and l a n d i n g  fill 
prism, f o r  instance, '  would have cos t  about $13,000 (Sonnevi 1  , personal 
communication). This  c o s t  does no t  j u s t i f y  complete removal o f  fil l s ,  
except i n  cases o f  documented imminent hazard. Twel ve road f i l l s  of 
vary ing  s i zes  are  s t i l l  present  i n  swales along a  m i l e - l ong  reach of t h e  
t h e  L - l i n e  road. If a  way can be found t o  i d e n t i f y  t h e  f i l l s  most prone 
t o  f a i l u r e  and then d e f i n e  t h e  minimum amount o f  m a t e r i a l  t h a t  needs' t o  be 
removed t o  s t a b i l i z e  t h e  slopes o r  g r e a t l y  reduce downslope impacts, then 
s i g n i f i c a n t  savings i n  r e h a b i l i t a t i o n  cos ts  nay r e s u l t .  

We p lan  t o  leave stop 3 a t  3:30 p.m. 

91.0 I n t e r s e c t i o n  o f  L - l i n e  road a t  A-9 deck. Take A-9-9 road south. 

91.9 The high, red-c lay  bankcut on t h e  r i g h t  exposes a  T ra i l head  s o i l .  Th is  
s i t e  was descr ibed and sampled by James A. DeLapp i n  1960. The d e s c r i p t i o n  
and l a b o r a t o r y  data (sample No. 60-12-18) a r e  p"b l i shed i n  Begg, et .  

. 

a l .  (1984). 

94.1 Turn l e f t  onto C-12 road. 

94.5 Turn sharp ly  r i g h t  onto G-6-1 road. Note t h a t  t h e  r e g o l i t h  g e n e r a l l y  
deepens as we descend f rom t h e  c r e s t  o f  a  spur r i d g e  onto a  smooth, steep 
s lope along t h e  G-6 road. Smooth, steep middle and lower s lope p o s i t i o n s  

I 

t end  t o  have a  cont inuous mantle of deep s o i l s .  Deep s o i l s  a r e  no t  
conf ined t o  bedrock hol lows as they were a t  t h e  l a s t  stop. i 

I 

95.1 Exposed i n  t h e  roadcut t o  t h e  r i g h t  a re  Coppercreek s o i l s  ( I n c e p t i s o l s :  
f ine-loamy, mixed, isomesic Typic  Humitropepts).  Th i s  s e r i e s  and o t h e r  
associated I n c e p t i s o l s  dominate steep s ides lopes i n  Redwood N a t i o n a l  
Park. Coppercreek s o i l s  have brownish (10YR t o  7.5 YR) cambic B hor izons  
rang ing  frorn about 40 t o  100 cm t h i c k .  There i s  25 t o  35 pe rcen t  c l a y  

I 
I 

i n  t h e  0 hor i zon  and a  gradual decrease i n  t h e  C hor izon. Depth t o  bedrock 1 



i s  one t o  t h r e e  meters. The Coppercreek s e r i e s  i s  t h e  most e x t e n s i v e  i n  
t h e  park. 

95.2 There a r e  t h i n  s o i l s  i n  t h e  roadcu t  as we round a  narrow spur  and c ross  
a  w e l l - i n c i s e d  stream. Th in  s o i l s  a re  g e n e r a l l y  assoc ia ted  w i t h  h i g h  
r e 1  i e f  and competent bedrock. The s o i l  p r o f i l e s  he re  were d i  s r u p t e d  by  
r oad  b u i l d i n g .  T y p i c a l l y ,  t h e  r e g o l i t h  on bedrock spurs i s  abou t  50 
t o  100 cm deep. The Lackscreek s e r i e s  ( l oamy -ske le ta l ,  mixed,  isomesic  
t y p i c  Humi t ropep ts )  and Ahpah s e r i e s  ( f i ne - loamy,  mixed, i somesic Typ i c  
Humi t ropep ts )  a r e  t h e  p r i n c i p a l  se r i es .  These s o i l s  have c o l o r s ,  ho r i zons ,  
and c l a y  percentages s im i  1  a r  t o  t h e  Coppercreek ser ies .  

The v a l l e y  o f  t h e  nex t  stream c r o s s i n g  i s  u n d e r l a i n  by incompeten t  rock  
t h a t  i s  d i s i n t e g r a t i n g  and deforming downslope. The v a l l e y  i s  b roade r  and 
more i r r e g u l a r  t h a n  t h e  f i r s t  s t ream v a l l e y  and t h e r e  a r e  D e v i l s c r e e k  and 
E l f c r e e k  s o i l s  on b o t h  s ides  o f  t h e  stream. The D e v i l s c r e e k  s e r i e s  
( f i ne - l oamy ,  mixed, isomesic  Typ i c  Humi t r o p e p t s )  c o n s i s t s  o f  s o i l s  s i m i l a r  
t o  t h e  Coppercreek se r i es ,  except  t h a t  t hey  have a  2Cg h o r i z o n  w i t h  gray 
m a t r i x  and brownish mo t t l es .  Water i s  perched d u r i n g  t h e  w i n t e r  r a i n y  
season and i t s  l e v e l  f l u c t u a t e s  w i t h i n  t h e  m o t t l e d  zone. The A and B 
ho r i zons  of Dev i l s c reek  s o i l s  p robab ly  o r i g i n a t e d  by s o i l  c reep  from 
sur round ing ,  h i g h e r  Coppercreek s o i l s .  The 2Cg ho r i zon ,  which has o n l y  
8 t o  20 pe rcen t  c l a y ,  seems t o  have o r i g i n a t e d  from d i s i n t e g r a t i n g ,  but  
pedogen i ca l l y  u n a l t e r e d r n a t e r i a l  f rom w i t h i n t h e  hol!ow i t s e l f .  The , 

E l f c r e e k  s e r i e s  ( l oamy -ske le ta l  , mixed, isomesic  Typ i c  Eu t ropep t s )  have 
g ray  C ho r i zons  and g r a y i s h  brown A and 0 ho r i zons  w i t h  1 5  t o  25  p e r c e n t  
c l a y .  They occur  i n  l o c a t i o n s  where d e b r i s  s l  i d e s  have removed t h e  A and 
B h o r i z o n  o f  a  D e v i l s c r e e k  s o i l  and a l s o  on some l o b a t e  d e b r i s  f l o w  
depos i t s .  Here, as a t  t h e  l a s t  s top,  c o n t r a s t i n g  s o i l  c h a r a c t e r i s t i c s  
h e l p  us keep t r a c k  o f  s lope  processes. 

95.3 Veh i c l es  w i l l  park  a t  p u l l - o f f  on l e f t .  We w i l l  wal'k about 0.2 m i l e s  t o  
G-6-1 d e b r i s  f low.  

STOP 4 - ti-6-1 DEBRIS FLOW AND MONITORING SITE 

T h i s  l a n d s l i d e  f a i l e d  i n  1981-82 i n t o  t h e  channel o f  a t r i b u t a r y  of 
Tom McDonald Creek, removing some o ld -g rowth  redwoods. We w i l l  1  ook a t  
t h e  l a n d s l i d e  and a t  t h e  s lope  t o  t h e  eas t  t h a t  i s  be ing  mon i t o red  by 
LaHusen and Sonnev i l .  F i g u r e  54 i s  a  ske tch  map showing t h e  f a i l u r e ,  
groundwater  m o n i t o r i n g  s i t e s  and r e l e v a n t  morpholog i  c f ea tu res .  The 
m a j o r i t y  o f  s o i l  movement and r e s u l t a n t  d e b r i s  f l o w  a t  t h i s  s i t e  i n v o l v e d  
r o a d f i l l  and r e g o l i t h  l o c a t e d  w i t h i n  an i n t e r m i t t e n t  s t ream channel .  
St reamf low was d i v e r t e d  t o  t h e  n o r t h  by road c o n s t r u c t i o n .  It i s  ev i den t ,  
due t o  numerous t e n s i o n  c racks ,  t h a t  i n s t a b i l i t y  extends a l ong  t h e  road  
e a s t  o f  t h e  s t ream channel. T h i s  uns tab le  segment o f  road  and t h e  
a d j o i n i n g  h i 1  l s l o p e  i s  t h e  d r i e s t  o f  t h r e e  l o c a t i o n s  be ing  s t u d i e d  i n  
d e t a i l  by LaHusen who i s  comp le t ing  a  t h e s i s  a t  Humboldt S t a t e  U n i v e r s i t y  
on t h e  movement o f  yroundwater t h rough  l o g g i n g  road  pr isms c o n s t r u c t e d  on 
Devi  1  screek s o i  1  s. 

The p i  ezorneter network a t  t h i s  1 oca l  i t y  c o n s i s t s  o f  two para1 l e l  
t r a n s e c t s  ex tend ing  f ro in  upslope o f  t h e  road  su r f ace  t o  t h e  base o f  t h e  
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Figure 54. Map showing v i c i n i t y  o f  Stop 4. Fa i l u re  occurred i n  w in te r  
1981-1982. Piezometer t ransec ts  were i n s t a l  l e d  i n  September 1983. 



r o a d f i l l .  F i g u r e  55 shows a  f l o w  ne t  generated f rom d a t a  c o l l e c t e d  
a t  one o f  these  t r a n s e c t s  i n  February  1984. A t  t h i s  s i t e ,  a  l e s s  obv ious 
e f f e c t  i s  seen compared t o  our  l a s t  stop. Only a  m inor  "groundwater  
mound" i s  observab le ,benea th  t h e  road. The l e s s e r  e f f e c t  i s  p robab l y  
due t o  t h e  p l a n a r  h i 1  l s l o p e  where stream1 i nes d o n ' t  converge, c o n t r a s t i n g  
w i t h  m o n i t o r i n g  s i t e s  l o c a t e d  i n  swales. Furthermore, f o r  t h e  s o i l s  
a l ong  t h i s  p iezometer  t r a n s e c t ,  t h e  dep th  f rom t h e  ground s u r f a c e  t o  t h e  
t o p  o f  t h e  sa tu ra ted  zone i s  g r e a t e r  t h a n  i n  t h e  more t y p i c a l  D e v i l s c r e e k  
s o i l s  l o c a t e d  i n  t h e  nex t  swale west o f  t h e  d e b r i s  f l ow .  

Exposed a long t h e  road a re  examples o f  t h e  w e t t e r  s o i l s  t y p i c a l l y  
assoc ia ted  w i t h  r o a d - r e l a t e d  d e b r i s  f l o w s  u n d e r l a i n  by s c h i s t .  F i g u r e  
56 i s  a  ske tch  and d e s c r i p t i o n  o f  t h e  s o i l  , p r o f i l e  exposed a t  
t h e  p i  ezometer t r ansec t .  

We p l a n  t o  leave  s top  4  a t  5  p.m. Those i n t e r e s t e d  i n  a  c l o s e r  l o o k  
a t  t h e  s o i l s  i n  t h e  Redwood Creek b a s i n  a r e  encouraged t o  s t a y  a  l i t t l e  
1  onyer w i t h  J i m  Popenoe, s o i l  s c i e n t i s t  a t  Redwood N a t i o n a l  Park. As many 
vans o r  buses w i l l  s t ay  f o r  t h e  a d d i t i o n a l  s o i l s  t r i p  as a r e  r equ i r ed .  
Re t race  r o u t e  on G-6-1, C-12, C - l i  ne and A-9-9 roads. 

99.6 M i leage  a t  deck; r e t u r n  t o  Highway 101  on H i l t o n  Rd. 

106.5 J u n c t i o n  Highway 101, t u r n  sou th  ( l e f t ) , .  We w i l l  r e t r a c e  t h e  morn ing ' s  
r o u t e  on Highway 101  back t o  camp. A t  t h e  sou th  edge o f  F reshwate r  Lagoon 
i s  a  prominent  c l i f f  f ace  c u t  i n t o  deep ly  weathered Redwood Creek sch i s t s .  

140.8 J u n c t i o n  101 and 299. Take 299 and West End Road eas t ,  back t o  
campground. T o n i g h t ' s  d i n n e r  w i l l  be a  barbeque a t  t h e  campground. 



4 m e t e r s  

\ Water  table . 
'1 Buried ground s u r f a c e  

Pietometer 

F igu re  55. H i1  l s l o p e  c ross -sec t i on  o f  p lanar  slope ad jacent  t o  debr i s  f l o w  a t  
Stop 4. Minor "ground water  mound" i s  ev ident  under t h e  road prism. A much 
g r e a t e r  e l e v a t i o n  i n  ground water has been demonstrated i n  swales and i n  
w e t t e r  phases o f  t h e  Dev i l sc reek  s o i l .  



Depth 
(cm) 

A Dark brown (1ClYR 313) very g r a v e l l y  
s i l t  loam, weak f i n e  and medium 
subangular  blocky s t r u c t u r e .  

B w l  Yel lowish brown (10YR 5 /6 )  g r a v e l l y  
s i l t  loam, weak coarse  & medium 
subangular  blocky s t r u c t u r e .  

Bw2 Var iega ted  s t r o n g  brown, ye l lowish  
brown (7.5YR 516, l O Y R  516) very  
cobbly s i l t y  c l a y  loam, weak coa r se  
subangular  blocky s t r u c t u r e .  

Bw3 Yellowish brown (10YR 518) s i l t y  
c l a y  loam, weak medium subangular  
blocky s t r u c t u r e .  

BC1 Yellowish brown ( 1 0 Y ~  5 / 8 )  very 
s tony  s i l t y  c l a y  loam, no s o i l  
s t r u c t u r e .  

BC2 Yellowish brown (10YR 5/6)  very 
s tony  loam, no s o i l  s t r u c t u r e .  

2Cg Var iega ted  p a l e  o l i v e ,  gray 
(5Y 614, 5Y 511) g r a v e l l y  loam, 
few brownish yel low (10YR 6/6)  
m o t t l e s ,  common brownish yel low 
(10YR 616) weather ing r i n d s .  

- 

2Cr S c h i s t  s a p r o l i t e ,  va r i ega t ed  dark 
gray (N41 ) a n d o l i v e  gray (5Y 5 /2)  
few brownish ye l low (10YR 616) 
weather ing  r i n d s ,  no m o t t l e s .  

F igu re  56. Sketch and d e s c r i p t i o n  o f  s o i l  p r o f i l e  exposed a1 ong t h e  6-6-1 Road 
near  p iezometer  t r a n s e c t .  A l l  c o l o r s  a r e  f o r  m o i s t  soi.1. 





ROAD LOG - TECTONIC GEOMORPHOLOGY OF THE MAD RIVER - FICKLE HILL AREA 
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Humboldt S t a t e  U n i v e r s i t y  

0.0 Leave t h e  campground and t u r n  r i g h t  on to  Warren Creek Road. You a r e  
t r a v e l i n g  west along t he  Mad R iver .  The prominent  h i l l s  on e i t h e r  s i d e  
o f  t he  Mad R i ve r  represen t  the  westernmost ex tens ion  o f  F i c k l e  H i  11, a  
l a r g e  e x t e n s i v e l y  f a u l t e d  p l e i s t o c e n e  a n t i c 1  i ne. T h i s  Q u a t e r n a r y  
s t r u c t u r e  w i l l  be t he  p r i n c i p a l  f ocus  o f  t h e  morning p o r t i o n  of 
t oday ' s  t r i p .  The narrow canyon we w i  11 be  d r i v i n g  th rough  f o r  t h e  
nex t  severa l  m i l e s  i s  a  water gap c u t  b y  t h e  Mad R i v e r  i n  response 
t o  t e c t o n i c  u p l i f t  o f  F i c k l e  H i l l  d u r i n g  t h e  l a t e  P le is tocene .  

0.2 R a i l r o a d  T r e s t l e  Underpass - Warren Creek V a l l e y  near t he  con f luence  
o f  Warren Creek w i t h  t he  Mad R iver .  Warren Creek i s  a  g r e a t l y  
d i s r u p t e d  dra inage system which f o l l o w s  t h e  Mad R i v e r  F a u l t .  The 
s t ream has r e c e n t l y  reversed  i t s  d ra inage  d i r e c t i o n  and i s  now f l o w i n g  
northwest.  A l l  o f  Warren Creek 's  t r i b u t a r i e s  f l o w  no r t heas t ,  as 
d i d  t h e  t r unk  stream p r i o r  t o  t h e  l a t e  P l e i s t o c e n e  dra inage r e v e r s a l .  
The r a i  l r o a d  t r e s t l e  i s  a  p a r t  o f  t h e  Annie  and Mary Sho r t  l i n e  
R.R., opera ted  u n t i l  t h i s  year  by t h e  Simpson Timber Co. The r a i l r o a d  
i s  p r e s e n t l y  f o r  sale.  

0.3 J u n c t i o n  w i t h  West End Road. Turn  r i g h t  and ' f o l l o w  West End Road. Here 
t h e  antecedent Mad R iver  c u t  th rough  u p f a u l t e d  i m b r i c a t e  b l ocks  w i t h i n  
t h e  Mad R iver  f a u l t .  The f a u l t  zone i s  about a  h a l f  m i l e  wide a t  t h i s  
p o i  n t .  

1.8 R a i l r o a d , C r o s s i n g  - E x i t  t he  narrow canyon o f  t h e  Mad R i v e r  where 
i t  crosses t h e  Mad R iver  F a u l t  and proceed o n t o  t h e  Holocene 
f l o o d p l a i n  o f  t h e  Mad R iver .  A t  l e a s t  f i v e  l e v e l s  o f  Holocene 
t e r r a c e s  a re  p resen t  w i t h i n  t h i s  broad f l o o d p l a i n ,  which grades t o  t h e  
modern Humboldt Bay margin and c o a s t l i n e  about 1  km t o  t he  West. The 
Mad R i ve r  f a u l t  and i t s  assoc ia ted  complex scarp  fo rm the  prominent  
h i l l s l o p e  ( B e l l a  V i s t a  H i l l )  t o  t h e  N o r t h  o f  t h e  Mad R i ve r  and Highway 
299. 

2.3 J u n c t i o n  w i t h  G i u n t o l i  Lane. Turn  r i g h t  and f o l l o w  G i u n t o l i  Lane 
across t he  Holocene Mad R i ve r  f l o o d p l a i n  t o  i n t e r s e c t i o n  w i t h  
U.S. 101. G i u n t o l i  Lane represen ts  t h e  approximate h i gh  water l i m i t  
reached d u r i n g  t he  1964 Chr is tmas f lood.  

3.0 J u n c t i o n  w i t h  US 101 - Turn r i g h t  on to  US 101 and con t i nue  n o r t h  
across t he  Mad R i ve r  t o  t he  Cen t ra l  Avenue ( M c K i n l e y v i l l e )  e x i t .  

4.1 Cen t ra l  Avenue e x i t  t o  McK in leyv i  1  l e .  C e n t r a l  Avenue leaves US 101 and 
c l imbs  the  Mad R i ve r  F a u l t  scarp. Narrow s t r i p s  o f  F ranc iscan  
rocks  a re  i n  f a u l t  con tac t  w i t h  e a r l y  and m id  P le i s t ocene  F a l o r  
Format ion  sediments i n  t he  scarp face. A t  l e a s t  t h r e e  major  f a u l t s  
c u t  t h i s  scarp. 



4.9 Top of  B e l l a  V i s t a  H i l l .  The top  of B e l l a  V i s t a  H i l l  c o n s i s t s  o f  
s t r o n g l y  warped l a t e  P le i s tocene  mar ine t e r r a c e  deposi ts .  

5.4 Stop l i g h t ,  i n t e r s e c t i o n  w i t h  School Road. Turn l e f t .  School Road 
t r ave rses  t he  warped and t i  1  t e d  mar ine t e r r a c e  s u r f  ace c o r r e l a t e d  
w i t h  t h e  P a t r i c k s  Po in t  Terrace a t  T r i n i dad .  1 

6.1 I n t e r s e c t i o n  o f  School Road and Winsor Road, Turn r i g h t  on Winsor Road 
and park a t  the M c K i n l e y v i l l e  B a p t i s t  Church Pa rk i ng  Lot .  

STOP I Mad R iver  F a u l t  - Deformed P a t r i c k s  P o i n t  Ter races  I 
The Mad R iver  F a u l t ,  one o f  t he  p r i n c i p a l  f a u l t s  o f  t h e  MRFZ, i n t e r -  
sects  and d isp laces  the P a t r i c k s  P o i n t  t e r r a c e  a t  School Road 
(F igu re  1 ). Three prominent southwest - f  ac i ng  scarps are evident.  The 
t e r r a c e  i s  warped and v e r t i c a l l y  d i sp laced  more than  30 meters  down 
t o  the south. A t r ench  excavated across the n o r t h e r n  scarp near i t s  
i n t e r s e c t  i o n  w i t h  School Road revea led  Franc iscan  r g c k s o t h r u s t  over 
t e r r a c e  sands along a  sha l low no r theas t  d i pp ing  (10 -20 NE) 
f a u l t  sur face.  The curved t r a c e  o f  t h e  f a u l t s  and h i g h l y  v a r i a b l e  
scarp form a l s o  suggest a  s h a l l o w l y  d i p p i n g  f a u l t .  These f a u l t s  con- 
t i n u e  t o  the  southwest and form the  l a r g e  sou th  f a c i n g  scarp seen 
along the  Mad River  near B e l l a  V i s t a  H i l l .  

Re tu rn ing  t o  School Road, t u r n  r i g h t  and c ross  over U.S. 101, t u r n  
l e f t  on south bound . freeway ramp and proceed south on U.S. 101 t o  
Arcata. I 

8.2 Cross the  Mad River  onto i t s  Holocene f l o o d p l a i n .  I 
9.6 Junc t i on  w i t h  U.S. 299 - con t i nue  south t o  t he  nex t  e x i t .  I 

.6 E x i t  f reeway a t  Sunset Avenue of f ramp and proceed s t r a i g h t  ahead 
(south)  i n t o  Arca ta  on H S t ree t .  The g e n t l y  s l o p i n g  sur face on which 
t h e  no r the rn  p a r t  o f  Arca ta  i s  s i t u a t e d  i s  a  nor thward  t i l t e d  mar ine  
te r race .  Soi 1s on t h i s  t e r r a c e  are much b e t t e r  developed t h a n  those 
on the  P a t r i c k s  Po in t  t e r r a c e  a t  School Road and t h e  t e r r a c e  i s  i n t e r -  
p re ted  t o  be much o lder .  

11.4 12th and H S t r e e t s  - L a r r y ' s  Market. The t e r r a c e  on which A r c a t a  i s  
s i t e d  i s  cu t  by the  F i c k l e  H i l l  f a u l t  a t  t h i s  p o i n t .  The g e n t l e  south 
fac ing  s lope  between here and t h e  downtown p l a z a  i s  a  f a u l t  scarp. The 
south s i d e  of t he  f a u l t  i s  downdropped. A second sma l le r  scarp i s  
present  on t he  south s i de  of the  plaza, pass ing  under the  Jacoby 
Storehouse, a  h i s t o r i c  b u i l d i n g  on the  corner  o f  8 t h  and H S t ree ts .  
The f l a t  su r f ace  a t  the  c e n t r a l  p l aza  i s  a  fau l t -bounded t e r r a c e  
remnant w i t h  a  s t r u c t u r a l  p o s i t i o n  i n  the  f a u l t  zone s i m i l a r  t o  the  
remnant a t  the  church a t  STOP 1  on t he  Mad R i v e r  f a u l t .  Bo th  t h e  Mad 
R iver  f a u l t  a t  School Road and t he  F i c k l e  H i l l  f a u l t  i n  A rca ta  have 
been zoned by the  S ta te  o f  C a l i f o r n i a  as A l q u i s t - P r i o l o  s p e c i a l  s tudy  
zones. C e r t a i n  types o f  development w i t h i n  these zones must i n c l u d e  
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F i g u r e  1. STOP 1 - The church on School Road. ~ e o ' l o g i c  map o f  t h e  Mad 
,R i ve r  F a u l t  i n  t h e  v i c i n i t y  o f  School Road. Three p rominen t  
scarps mark down t o  t h e  south f a u l t  d isp lacement  o f  t h e  l a t e  
P l e i s t o c e n e  (.85 ma) P a t r i c k s  P o i n t  te reace .  A sha l l ow  t r e n c h  
excavated across t h e  n o r t h e r n  scarp revea l  ed Franc iscan  sand- 
s tone  t h r u s t  ove r  t e r r a c e  sand on a  f a u l t  surface d i p p i n g  l o 0 -  
20° t o  t h e  n o r t h e a s t .  The church (STOP 1) i s  s i t u a t e d  on a  
t i 1  t e d  f a u l t  bounded t e r r a c e  remnant. T o t a l  d i p  s l  i p  d i s p l a c e -  
ment ac ross  t h e  t h r e e  prominent  t r aces  o ' f  t h e  f a u l t  a t  t h i s  
l o c a t i o n  i s  es t ima ted  t o  be about  110 meters .  
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geotechni  c a l  a n a l y s i s  o f  se i  smi c  hazards. 

11.7 7 t h  and H S t ree t s ,  Arcata. Turn l e f t  on 7 t h  and proceed eas t  across 
t h e  freeway. To t he  l e f t  j u s t  b e f o r e  t he  f reeway overpass i s  t h e  scarp 
of the  F i c k l e  H i l l  f a u l t .  Note t he  l o c a t i o n  o f  the  C i t y  H a l l  and 
Arca ta  C i t y  P o l i c e  Department on t h e  scarp. 

12.2 7 t h  and A t o  7 t h  and B S t ree ts ,  Arcata.  7 t h  s t r e e t  t r ave rses  t h e  
' F i c k l e  H i l l  f a u l t  a t  t h i s  l o c a l i t y .  The f a u l t  forms a  l a r g e  complex 
scarp. Holocene sediments ma rg ina l  t o  Humboldt Bay form t h e  low p l a i n  
below t he  f a u l t  scarp. 

12.3 Turn  l e f t  onto  F i c k l e  H i l l  Road j u s t  p a s t  t h e  i n t e r s e c t i o n  of 7 t h  and 
A S t r e e t s  and proceed u p h i l l .  Sparse outcrops a long  the  
road  c o n s i s t  o f  Fa1 o r  Format ion sediments and deeply  weathered 
Franc iscan  sandstone which u n d e r l i e s  t h e  F a l o r  sediments. F i c k l e  H i l l  
Road climbs the p l ung ing  nose of t h e  eroded F i c k l e  H i l l  a n t i c l i n e  f o r  
t h e  nex t  severa l  m i les .  

15.2 Lazy "L" Ranch - I n  t h i s  v i c i n i t y  t h e  r oad  c l imbs  onto t he  
c r e s t  o f  F i c k l e  H i l l .  Most o f  t h e  outcrops c o n s i s t  o f  weathered 
Franc iscan  sandstone and melange, b u t  s c a t t e r e d  patches o f  F a l o r  Fm 
marine sands mant le  t he  c r e s t  i n l a n d  f o r  t h e  nex t  20 
mi les .  To t he  south F i c k l e  H i  11 s lopes  s t e e p l y  down t o  Jacoby Creek. 
S teep ly  SW d i p p i n g  beds o f  F a l o r  Fm mar ine  sands and f l u v i  a1 
g rave l s  compose t he  lower h a l f  o f  t h i s  s lope. These sediments have 
been t h r u s t  under t h e  F ranc iscan  rocks  o f  t h e  upper p a r t  o f  F i c k l e  
H i l l  a long t he  F i c k l e  H i l l  f a u l t .  The more g e n t l e  n o r t h - f a c i n g  
s l ope  o f  F i c k l e  H i l l  i s  mant led  w i t h  NE d i p p i n g  F a l o r  Format ion  
sediments c u t  by  t h e  Mad R i ve r  f a u l t .  F i c k l e  Hi  11 rep resen t s  a  l a r g e  
asymmetr ical  a n t i c 1  i ne w i t h  an oversteepened and l o c a l  l y  ove r t u rned  
southern l imb.  Both l imbs have been d i s p l a c e d  by no r t heas t  d i p p i n g  
t h r u s t  f a u l t s .  

For  t h e ,  nex t  severa l  m i l e s  t he  r oad  f o l l o w s  t he  c r e s t  of F i c k l e  H i l l .  
Along t h i s  p a r t  o f  t h e  r o u t e  o f  graben- l ' i ke  depress ions can be seen 
c u t t i n g  o b l i q u e l y  across t h e  r i d g e  top, and t h e  headscarps of 
severa l  o f  l a r g e  s lump-ear th f  lows a re  ev iden t .  

17.2 
STOP 2  Top o f  F i c k l e  H i l l  ( 1260 ' )  T h i s  i s  t h e  s t a r t i n g  p o i n t  f o r  an 

approximate 1.5 m i l e  walk down t h e  south s i d e  o f  F i c k l e  H i l l  t o  
Jacoby Creek. Th i s  walk i s  a long  an improved l o g g i n g  
road  on p r i v a t e  land. Please respec t  t h e  l a n d  owner 's p rope r t y ,  
d o n ' t  l i t t e r .  Please d o n ' t  s t r a y  f rom t h e  road, i t  i s  r e l a t i v e l y  
easy t o  get l o s t .  P o i n t s  a long the  way cor respond ing  t o  e n t r i e s  
i n  t h i s  gu ide are marked w i t h  numbered s igns.  (Figure 2) 

1 The f i r s t  p a r t  o f  t h e  walk down t h e  S. f l a n k  of F i c k l e  H i l l  t r ave rses  
Franc iscan  Melange t e r r a i n .  Dark, h i g h l y  sheared sha ley  melange m a t r i x  
c o n t a i n i n g  b locks  o f  graywacke sandstone, c h e r t ,  greenstone, 
g reensch is t  and b l u e s c h i s t  i s  exposed a l ong  t h e  route.  These rocks  make i g 
up t h e  t h r u s t  sheet compr is ing  t h e  t o p  o f  F i c k l e  H i l l .  Bas in  l i k e  s 
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Figure 2 .  Generalized geologic map of the 'south slope of Fickle Hill 
along the f i e l d  t r i p  route. The dashed l i n e  shows the 
approximate location of the logging road followed on the 
walking part  of the t r i p .  Locations discussed i n  the f i e l d  
guide are  numbered along the route. Qf - Falor Formation. 
KJf  - Franciscan Complex. The three thrus t  f au l t s  

represent the main traces of the Fickle Hi1 1 f au l t .  



heads o f  l a r g e  slump-earthf lows s c a l l o p  t he  h i l l c r e s t .  One of t hese  
forms t he  broad depression a t  the  beg inn ing  o f  t h e  walk. 

Panoramic views o f  Humboldt Bay and t he  coast  sou th  t o  Cape Mendocino 
are a f f o r d e d  a long  t h i s  p a r t  o f  t he  rou te .  The Samoa Peninsu la ,  a  l a t e  
Holocene s p i t ,  separates t he  n o r t h  p a r t  o f  Humboldt Bay ( A r c a t a  Bay) 
f r om  the  ocean. Humboldt Bay i s  surrounded by Holocene f l o o d p l a i n s  and 
d e l t a  complexes of t h e  Mad R iver ,  Jacoby Creek, and seve ra l  o t he r  
streams. Holocene and l a t e s t  P l e i s t ocene  f l u v i a l  t e r r a c e s  a re  p resen t  i n  
Jacoby Creek V a l l e y  a t  t h e  base o f  F i c k l e  H i  11. Eureka s i t s  on a  
s l i g h t l y  e l eva ted  l a t e  P le i s t ocene  mar ine t e r race .  F u r t h e r  south, 
Humboldt H i l l ,  Tab le  B l u f f ,  and Cape Mendocino fo rm headlands. Each i s  
u p l i f t e d  by l a r g e  Quate rnary  f a u l t s  and f o l d s ,  The area occup ied  by 
t h e  bay i s  t e c t o n i c a l  l y  depressed. 

F i c k l e  H i l l  f a u l t .  The F i c k l e  Hi 11 f a u l t  i s  exposed i n  t h e  r oadcu t  a t  
t h i s  l o c a t i o n .  Sheared and f a u l t e d  F ranc i scan  melange i s  t h r u s t  over 
F a l o r  Format ion  sand and pebbly sand on a  f a u l t  su r f ace  o r i e n t e d  
N65W25NE. Sl i ckens ides  show t h a t  p redomina te ly  d i p - s l  i p  movement has 
occurred. The f a u l t  i s  marked by a  brownish c l a y  gouge 
c o n t a i n i n g  broken and crushed sand g ra i ns  o f  t h e  F a l o r  Format ion  and 
sheared fragments of  F ranc i  scan rocks.  C l o s e l y  spaced sub -pa ra l l  ed  gouge 
f i l l e d  f a u l t s  c u t  t he  ove r t h rus t  Franc iscan.  A con juga te  p a t t e r n  of 
f r a c t u r e s  and f a u l t s  a l so  cu t s  the  F a l o r  sediments i n  t he  u n d e r t h r u s t  
b lock.  These a re  much b e t t e r  seen a t  STOP 3. Mapping a long  t h e  sou ths ide  
of F i c k l e  H i l l  suggests the F ranc iscan  has been t h r u s t  over t h e  F a l o r  
Format ion a  t o t a l  o f  about 1  km on t h i s  and severa l  p a r a l l e l  t r a c e s  of 
t h e  F i c k l e  H i l l  f a u l t .  

3 Exposure i n  a  l ogg ing  l and ing  on t he  F i c k l e  H i l l  f a u l t .  The c u t  bank 
bo rde r i ng  t h i s  l and ing  exposes a  cross s e c t i o n  th rough  f a u l t e d  F a l o r  
Format ion sand and grave l .  The f a u l t  c o n t a c t  between Franc iscan  rocks  
and F a l o r  sediments i s  about 25 meters  upslope. I n t e r s e c t i n g  s e t s  of 
no r t heas t  and southwest d i pp ing  t h r u s t  f a u l t s  and f r a c t u r e s  from a  
con juga te  f a u l t  pa t t e rn .  Di splacements on these secondary f a u l  t s  of 
t h e  F i c k l e  H i l l  f a u l t  range f rom a few m i l l i m e t e r s  t o  0.5 meters. 
Bedding d ips s t e e p l y  t o  the  south west. Conjugate f a u l t s  and f r a c t u r e  
l i k e  these are t y p i c a l  o f  exposures o f  no r t hcoas t  t h r u s t  f a u l t s  
where t h e y  c u t  p o o r l y  conso l i da ted  Q u a t e r n a r y  sands. 

4 Limestone Creek. Near t h i s  l o c a t i o n  t h e  walk crosses t he  second o f  the 
two main t r a c e s  o f  t he  F i c k l e  H i1  1  f a u l t .  The massive F ranc iscan  
sandstone seen along t h e  road f o r  t h e  nex t  severa l  hundred meters 
o v e r l i e s  a  t h i c k  sequence o f  F a l o r  sediments which extend f r om t h e  f a u l t  
con tac t  t o  Jacoby Creek a t  t he  bot tom o f  t h e  canyon. B locks o f  l imestone 
d e r i v e d  from t h e  Franc iscan  melange a re  p resen t  i n  t h e  creek. 

5 J u n c t i o n  w i t h  t h e  5220 Road. The r o u t e  crosses t h e  concealed F i c k l e  Hi 11 
f a u l t  near t h i s  road j unc t i on .  Downslope f r om here  t o  Jacoby Creek Fa lo r  
Format ion sediments are present  b u t  p o o r l y  exposed. A b l a n k e t  o f  
s lump-ear th f low depos i t s  mant les  t he  lower s lopes  o f  F i c k l e  
H i 1  1  and covers the  F a l o r  sediments w i t h  10 t o  20 meters  of mixed 1  and- 
s l i d e  d e b r i s  p r i n c i p a l l y  d e r i v e d  from F ranc i scan  t e r r a i  ne upslope. 



Junc t i on  w i t h  unnumbered l o g g i n g  spur. Roadcut exposures i n  t he  v i c i n i t y  
o f  t h i s  road  j u n c t i o n  show s lump-ear th f  low depos i t s  o f  F ranc iscan  com- 
p o s i t i o n  over l y i  ng F a l o r  sands. The s lump-ear th f  l o w  depos i t s  
a re  r e l i c  t o  an e a r l y  p e r i o d  o f  v a l l e y  c u t t i n g  and a r e  now perched on 
i n t e r f l u v e s  o f  i n c i s e d  Jacoby Creek t r i b u t a r i e s .  A c t i v e  s lump-ear th f lows 
are p resen t  t o  t h e  n o r t h  and south o f  t h i s  l o c a l i t y  where t hey  f o l l o w  
t h e  younger t r i b u t a r y  drainages t o  Jacoby Creek. Der ived  from the  over-  
t h r u s t  F ranc iscan  b lock  which makes up t he  t op  o f  F i c k l e  H i l l ,  t hese  
s lump-ear th f lows p rov ide  the ,sed iment  t r a n s p o r t  l i n k  between the  
t e c t o n i c a l l y  supp l i ed  m a t e r i a l  i n  t he  upper s lopes o f  t h e  F i c k l e  H i l l  
and t h e  f l u v i a l  system o f  Jacoby Creek. 

The Jacoby Creek t r a c e  o f  t he  F i c k l e  H i l l  f a u l t .  Conjugate no r theas t  and 
southwest f a u l t s  and f r a c t u r e s  cu t  F a l o r  Format ion  sand a t  the  Jacoby 
Creek s t r a n d  o f  t h e  F i c k l e  H i l l  f a u l t .  The f a u l t  p a t t e r n  and ou t c rop  
express ion  i s  ve ry  s i m i l a r  t o  t h a t  seen a t  STOP 3. A l a t e  P le i s tocene  
Jacoby Creek t e r r a c e  i s  i n s e t  i n t o  t h e  f a u l t  zone i n  t h e  southern end 
of t h e  roadcu t  exposure and i t s  no r t he rn  marg in  appears t o  be f a u l t e d ,  
suggest ing l a t e  P l e i s t o c e n e  movement o f  t h e  f a u l t .  

J u n c t i o n  of t he  l ogg ing  road w i t h  Jacoby Creek Road, end o f  t he  walk - 
r e j o i n  t h e  vans and ea t  lunch. 



BSTRACT 

Earthflows in Franciscan melange, 
Van Duzen River basin, California 

Large ea r th f lows  are a significant source o f  sediment  in t h e  highly 

leared a n d  easily e roded  Franciscan melange o f  t h e  nor the rn  California 
oast Ranges.  T h e y  a r e  active dur ing  t h e  winter  we t  season,  a n d  their  
lovement averages 2.4 to 4.0 rn/yr. Fluvial sediment  yield f r o m  t h e  gullied 
ad b r o k e n  ea r th f low surface is a b o u t  equa l  t o  sed imen t  yield b y  mass  
~ o v e m e n t .  Indi rec t  evidence suggests t h a t  changes  in vegetation cover  d u e  
) grazing beginning in the nineteenth  cen tu ry  m a y  have increased t h e  r a t e  
f earthflow movement .  

Harvey M. Kelsey 
National Park Service 

Redwood National Park 
Orick, California 95555 

Giant earthflows are among the spec- 
cular geomorphic features of the Cali- 
imia Coast Ranges. These are complex 
ndslides whose movement includes block 
iding, slumping, and viscous flowing. 
hey occur on many kinds of rock ranging 
age from preJurassic to Cretaceous 

it reach their greatest development on 
anciscan melange, a rock unit consisting 
' highly sheared sandstones and siltstones 
which are dispersed blocks and boulders 

'greenstone, chert, schist, and serpen- 
~ c .  Franciscan melange attains its great- 
t outcrop extent in the California Coast 
anges north of San Francisco. Earth- 
3ws comprise roughly 10% of this 
elange area. . 
The earthflows in the Van Duzen River 
&in, a 1,l 10-km2 coastal watershed (lat 
1'30 'N, long 123'45.'W) approximately 
5 km north-northwest of San Francisco, 
c the subject of this report. The basin 
IS dry summers, mild, wet winters, and 
1 annual precipitation from 100 to 250 
01 90% of which falls between October 
td April. It is one of a number of 
m e r n  California coastal basins with 
ltpended sediment discharges 5 to 50 
nes that of any basin of comparable 
* in the United States (Brown, 1973; 
Q'm and Ritter, 1971; Judson and 
I&, 1%4; Janda and others, 1975; 
m t ,  1971); the average long-term sus- 

sediment load of the Van Duzen is 
W o ~ i m a t e l ~  2,600 metric tons/km2*yr. 

causes of these high sediment dis- 
u8es are a subject of controversy, and 
*flows are recognized as one of the 

significant sediment sources (Wahrhaftig 
and Curry, 1967; Kelsey, 1977). 

EARTHFLOW SURFACE 
MORPHOLOOY 

The Van Duzen earthflows head in 
large bowl-shaped hollows and have nar- 
row, elongate midportions that terminate 
in bulbous toes at the river bed (Fig. 1). 
Smaller, less active earthflows are confined 
to midslope. Individual flows are 0.15 to 
2.5 km long and 0.1 to 2.0 km2 in area. 
The majority of earthflows occur on dry, 
south-facing slopes. Annual grasses are 
the vredominant vegetative cover. 

L i v e  earthflow iurfaces are bouldery 
and hummocky, have undulatory profiles, 
and co.hmonly contain undrained depres- 
sions (Fig. 2). Because the surfaces are 
severely disrupted by mass movement, they 
have a dense network of parallel or den- 
dritic bare-walled rill and gully systems; 
some of the parallel gully systems origi- 
nate along longitudinal tension cracks. The 
drainage pattern constantly changes be- 
cause of continued earthflow movement. 
The smaller rills and gullies that drain the 
bowl-shaped earthflow heads merge down- 
slope into one axial gully, as much as 3 to 
4.5 m deep (Fig. 2). The lateral margins 
of active earthflows are defined by vertical 
planes of shear along which slickenslides 
frequently develop. Commonly, 3- to 6-m- 
high, steep-walled colluvial ridges occur 
on the stable ground bordering the lateral 

ice cream-type" topography. The margins 
of dormant flows are subdued, and creep 
has smoothed out the formerly sharp 
scarps and deep gullies. 

Recurrent earthflow movement occurs 
each winter after fall and early winter 
rains thoroughly wet the colluvium. 
During seasonal movement, the earthflow 
toe protrudes out into the river and is 
gradually eroded back by high winter 
streamflows. Large blocks 2 to 15 m or 
more on a side, carried as part of the 
earthflow colluvium, are left in the chan- 
nel when the finer debris is winnowed . 

margins. Figure 1. View of Halloween earthflow: this Numerous dormant earthflows also hummocky, gullied earthflow annually moves 
Wcur in slope hollows on melange terrain material into the Van Duzen River (river in 
and have a rolling, hummocky, "melted foreground flowing toward earthflow toe). 



away. The channel reaches adjacent to 
most earthflow toes are therefore clogged 
with these blocks; because these blocks 
armor the channel against downcutting, 
channel reaches adjacent to earthflow toes 
are unusually steep. As a result, the river 
gradient markedly steepens across melange 
terrain, even though hillslopes in the 
melange are generally not as steep as the 
neighboring, competent Franciscan sand- 
stone slopes. Therefore, hillslope gradients 
are not clearly tied to channel gradients 
where earthflows move melange blocks 
into the river channel. 

The mode of movement, surface mor- 
phology, and appearance of most earth- 
flows is similar to that of alpine glaciers. 
In both earthflows and glaciers, movement 
is slow and the flow is laminar or confined 
to discrete shear planes. Both have stepped 
longitudinal profiles with alternating con- 
vex and concave segments; the profiles 
in both cases probably result from alterna- 
tion between compressing flow in the con- 
cave segments and extending flow in the 
convex segments (Nye, 1952; Colman, 
1976). The lateral ridges on the margins 
of earthflows are similar morphologically 
to moraines; but, unlike moraines, these 
ridges are due to the lateral pressure of 
the moving earthflow forcing up a welt 
in the stable ground along its sides. 

SURVEYS OF EARTHFLOW 
MOVEMENT 

Currently, 19 earthflows seasonally 
move into the Van Duzen River; I estab- 
lished stake lines across the lower portion 
of six of them to measure surficial move- 
ment. The stakes were placed 3 to 5 m 
apart in a line perpendicular to the direc- 
tion of movement approximately 10 to 30 
m above the earthflow toe scarp (Fig. 2), 
with end stakes positioned on stable 
ground. The stake lines were resurveyed 
each summer. The calculated downslope 
movement is the average displacement 
along the stake line. Most of the earth- 
flows moved as one coherent unit, but 
some moved more rapidly in the center 
o r  near one margin. 

Table 1 summarized movement histories 
and annual precipitation for the monitored 
earthflows. One flow was surveyed for 
three seasons, one for two seasons, and 
four for one season only, because the 
landowners,denied access after the first 
year. The season during which all six were 
monitored had average precipitation, and 
earthflow movement ranged from 26 m 
on the Halloween earthflow to 0.6 m on 
the Donaker earthflow. The average an- 

Figure 2. Schematic drawing of an  earthflow landslide showing prominent geomorphic featul 
and position of earthflow stake line. 

nual movement rate for the earthflows 
other than the Halloween flow was 2.4 m, 
with a standard deviation of 1.8 m. Studies 
by the California Department of Water 
Resources (1973) of eight earthflows in 
Franciscan melange along the Eel River 
(35 to 100 km south of the Van Duzen) 
gave similar movement rates: practically 
all movement ranged from 0.3 to 9.0 m/yr 
and averaged 4.0 inlyr; however, three 
of the flows surged tens of metres during 
winters of exceptionally heavy rainfall. 

On Halloween earthflow, the most 
thoroughly studied, three stake lines were 
monitored for three winter seasons (Table 
1). The repetitive surveying of these stake 
lines showed that the flow accelerated as 
it moved downslope (Fig. 3). The lowest 
stake line (58 m wide and 26 m above the 

river) moved 5.5 times as fast as the upp 
stake line (124 m wide and 235 m upslor 
of the river). The downslope acceleratiol 
in earthflow motion is shown especially 
well for seasonal movement on stake line 
In the first two seasons, stakes were lost 
solely due to bank sloughing into the axi; 
gully; by the end of the third season, the 
stake line had moved to the vicinity of th 
earthflow toe, and more than half the 
stake line was lost by slumping of the tc, 
into the river. The lowest stake line con. 
tinuously slumped into the river and wa. 
abandoned at the end of the second seas( 

The acceleration in flow going down- 
slope is accompanied by a decrease in 
earthflow thickness. Assuming that the 
thickness of the Halloween earthflow at 
line 2 is 12 m (a bit more than the 10.5 

TABLE 1: EARTHFLOU MOVEMENT HISTORIES FOR SIX WNITORED EARTHFLOWS: WAN OUZEN RIVER BASIN 

-- - 

1973-74 U ~ n t e r  Season 1974-75 Y l n t e r  Season 1975-76 u i n t e r  Seas 
Ndm o f  Earthflow A. Bt C i  D* A B C D A B C  

Donaker ear th f low 

Cashlapooda Cr. e a r t h f l o u  

west tongue 

ear t tongue 

Broken Road earthflow ' 

west tongue 
I 

east  tongue 

Chinmey Rock ear th f low 

F a l l i n g  Tree ear th f low 

Halloween e a r t h f l m  

Annual p r e c i p i t a t i o n  (cm).  
t Mrlrrum movemnt a t  e a r t h f l o u  toe (m).  
s Average uovement across ear th f low toe (m). 
I Volume of sediment discharged t o  channel (m3 a 10'1. - 
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Figure 3. Planimetric map of lower portion of Halloween earthflow showing movement on three 
w e y e d  stake lines for three winter seasons. 

thickness of the nearby toe), and that an 
approximately equal amount of earthflow 
material moves past lines 1 and 2, then 
the thickness at line 1 is approximately 
30 m. The thickness of the slower-moving 
upper half of  the earthflow must, there- 
fore, exceed 30 m. For comparison, the 
California Department of Water Resources 
(1970) drilled into two Eel River earthflows 
at midslope localities to  determine their 
depths. Deformation of the casings in 
these drill holes over the following winter 
showed that the depth of these earthflows 
ranged between 30 and 35 m. 

The Halloween earthflow surveys also 
document the substantial sediment yield 
each winter by bank erosion along the 
axial gully. On each of the upper two 
stake lines, approximately 20 ft of gully 
bank retreat occurred in three years due 
to  bank corrasion by high flows as well 
as t o  the inward mass movement of the 
flow toward the low created by the axial 
gully. Though the gully banks continually 
moved inward as  the entire gully moved 
downslope, a net widening of the gully 
occurs due t o  bank sloughing. 

EARTHFLOW SEDIMENT 
PRODUCTION: 1941-1975 

The total movement and the total 
amount of sediment production from 
active earthflows for the period 1941-1975 
was determined from the surveying data ,  
as well as  from five sets of aerial photo- 
graphs going back to 1941. Measuring the 

displacement of vegetation on sequential 
aerial photography enabled a determina- 
tion of movement rates for the 13 un- 
monitored earthflows. The average move- 
ment rate for the 19 Van Duzen earthflows 
during this period was 3.1 m/yr, with a 
standard deviation of 2.0 m.  Total sedi- 
ment discharge to  the Van Duzen River 
by earthflow mass movement during this 
period was 1,409,500 m3 or  2,960,000 
metric tons (pmuUvjum = 2.1 g/cm3.  This 
erosion by mass movement is equivalent 
to an annual sediment yield of  24,900 
metric tonslkm2 from the 3.4 km2 of 
earthflow surface, or an average of 1.0 m 
of surface lowering per century (prO,k 
= 2.5 gfcm?. 

Sediment sampling, between October 
1974 and May 1976, of the creek that 
drains the Donaker earthflow (Kelsey, 
1977) showed that gullying on  the earth- 
flow surface produces approximately 
26,300 metric tons/km2*yr. If it is as- 
sumed that the yield for this earthflow 
watershed is representative of gully and 
rill erosion from active earthflows with 
highly disrupted surfaces, then most earth- 
flows contribute approximately equal 
amounts of sediment to  the channel by 
gullying and mass movement. The total 
annual sediment yield from earthflow ' 

slopes (51,200 metric tons/km') undoubt- 
edly is one of the highest in the U.S., and 
is more than an order of magnitude greater 
than the average sediment yield for the 
upper 570 km2 of the Van Duzen basin 
for the same period (2,570 metric 
tons/km'). 

INFERENCES O N  T H E  NATURE O F  
EARTHFLOW MOTION 

The seasonal ground wetting of  earth- 
flow slopes, which increases pore water 
pressure and reduces intergranular friction, 
is the major factor contributing to earth- 
flow movement. Monitoring studies indi- 
cate that after initial wetting during the 
first two or three rains, major episodes 
of  movement coincide with periods of 
heavy rainfall. 

Though ground wetting initiates sea- 
sonal earthflow movement, a major factor 
contributing to both the seasonal duration 
and the rate or motion appears t o  be the 
removal of lateral support by erosion of  
the toe. The toes of  some of the most 
active flows, including the Halloween 
slide, are located on the outside of  sharp 
river bends that receive the maximum 
erosive force of winter streamflows. In the 
case of the Donaker flow, the blasting 
away-more than a century ago-of a pro. 
truding ledge that diverted the river into 
the toe resulted in a notable decrease in 
earthflow movement rate. As another 
example of the influence of toe er..jion, 
a major flood i n ' ~ e c e m b e r  1964, which 
caused a tremendous amount of  strearn- 
bank erosion, reactivated eight dormant 
earthflows and significantly increased the 
rate of movement of at least six other al- 
ready active flows. Because lateral support 
exerts a significant control on  movement, 
sliding appears t o  be a more important 
movement mechanism than true flow. 

The surface of most earthflows alter- 
nates in appearance between a smooth. 
relatively unbroken grassy surface showing 
only a small amount of internal rotation, 
shear, o r  distortion, and a broken, hum- 
mocky, relatively steeper surface with 
small scarps and surficial slumps indi- 
cating shearing within the moving layer 
(Fig. 2). The flatter, less disrupted 
earthflow segments move downslope in a 
manner best described as block glides. In 
contrast, the steeper, more disturbed earth- 
flow segments are the regions where ex- 
tensional deformation over the slope con- 
vexities is being transferred t o  compres- 
sional deformation over the concave slope 
segments. Surficial expression of com- 
pressing flow is not common, though 
pressure ridges o r  furrows develop parallel 
t o  the slope contour on the higher portion 
of some earthflows. Extending flow in the 
convex slope portions results in transverse 
tension cracks, which are probably the 
precursors of the shallow slumps that are 
common on the steeper earthflow slopes. 
The movement mechanism of  most larger 
earthflows, therefore, alternates between 
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gliding without significant internal defor- 
mation and slumping-flowing with sub- 
stantial internal shear (Fig. 2). The lobate 
form of the toe plus the piling up of earth- 
flow colluvium behind large blocks in 
the earthflow are evidence of flow within 
the earthflow mass above the sliding plane. 
Small earthflows are not as complex but 
rather we  one large slump block with 
PC< ndasy surficial slumping and flowing. 

Earthflow surges (abnormally large dis- 
placements in one or a few seasons) have 
been observed in some earthflows and may 
be a phenomenon of many. Surges can 
probably be triggered during a major 
streamflow when the toe is substantially 
eroded back, changing the distribution of 
mass above the sliding plane and altering 
the balance of forces. An example of such 
a surge is the recent activity of the Hallow- 
een earthflow, whose current movement 
(Table 1) is much greater than the average 
movement rate of 7.0 m/yr for 1941-1973. 
Surges can also be caused by earthquakes: 
during the 1906 San Francisco quake, an 
earthflow surge caused a temporary block- 
age of the Eel River (California Depart- 
ment of Water Resources, 1973). Inter- 
mittent pulses of accelerated earthflow 
movement have also been suggested for 
slower-moving, forested earthflows in the 
western Cascades of Oregon (Swanston 
and Swanson, 1977). 

INCREASED EARTHFLOW ACTIVITY 
SINCE EUROPEAN SETTLEMENT 

and tectonic conditions were probably con- 
ducive to earthflow movement during a 
large portion of theQuaternary (even 
though it is unlikely any single earthflow 
moved continuously throughout this time), 
these time intervals are quite short and 
suggest that current earthflow erosion rates 
are anomalously high. 

The melange grasslands have been ex- 
tensively grazed since 1870, and the onset 
of  grazing caused an almost immediate 
change in vegetative cover from the native, 
deep-rooted, perennial grasses to intro- 
duced, shallow-rooted annual grasses 
(Gene Conrad and Dennis Anderson, 1977, 
oral communs.). The grass-species change 
resulted in a weaker vegetation mat with 
less root-induced shear strength (Waldron, 
1977). The weaker grass cover may well 
have led to the increased surface breakage, 
gullying, and slumping that promote 
ground wetting and increase the potential 
for earthflow movement. 

EARTHFLOWS AND EROSION OF 
THE VAN DUZEN BASIN 

Active earthflows in the Van Duzen 
basin erode an order of magnitude faster 
than the surrounding Franciscan terrain, 
and this terrain is the most rapidly eroding 
region of its size in the conterminous 
United States. The 19 active Van Duzen 
earthflows comprise less than 1 % of the 
upper 570 km2 of the basin, yet they 
account for approximately 10% of the 
total sediment yield from this rapidly 
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A sediment budget and an analysis of geomorphic process 
in the Van Duzen River basin, north coastal California, 
1941-1975: Summary 

HARVEY M. KELSEY National Park Service, Redwood National Park, P.O. Box SS, Arcata, California 95521 

The Coast Ranges of northern California 
are the most rapidly eroding region of com- 
parable size in the United States (Judson 
and Ritter, 1964; Brown and Ritter, 1971). 

; This area has undergone recent (post- 
Miocene) uplift and is underlain by highly 
deformed and faulted sandstone and 
melange units of the Franciscan assemblage. 
This study investigates the sources of the 
large amount of sediment, the processes by 
which the sediment moves, and the times of 
sediment transport in rhe upper half of the 
Van Duzen River basin in the California 
Coast Ranges (Kelsey, 1977). The Van 
Duzen is the northernmost tributary of the 
Eel River and flows into the Eel a t  a point - 480 km north of San Francisco (Fig. 1). 1 
documented sediment t ranspor t  and  
changes in hillslope and channel morphol- 
ogy during the period 1941-1975 by using 
six sets of aerial photographs, early land 
surveys, U.S. Geological Survey water and 
sediment discharge records, and data from 
surveying and sediment sampling for 1973 
to 1978. 
Thc climate consists of high annual rain-. 

fall (125 to 250 cm) that occurs mostly 
from October through April; the majority 
of  the sediment transport occurs each 
winter during the two to six mow intense 
storms. Infrequent high-intensity storms of 
long duration, which are major sediment- 
transponing events, recur every 100 to 500 
yr. One such storm occurred in December 
of 1964, and it serves as a m a j ~ f ~ f o c u s  of 
this study. 

The two main physiographic types in the 
Van Duzen basin are (1) grasslands and 
grass-oak woodlands underlain by me- 
lange; and (2) the more coinpetent, forested 
sandstone slopes. Whereas the competent 
sandstones and siltstones form straight, 
forested slopes with relatively sharp ridge 

crests and V-shaped canyons, the Francis- 
can melange hillslopes range in morphology 
from smooth, undulating grassland o r  
grass-oak woodland slopes t o  hummocky, 
boulder-strewn, poorly drained grasslands 
sculpted by active mantle creep o r  earthflow 
landslides. Since European settlement in the 
1870's, grazing has been the major grass- 
land land use. Timber harvesting on  the 
sandstone slopes started in about i 950  and 

still conrinues. The lower portion of the 
study area was extensively logged prior to 
the 1964 storm, but the upper watershed 
was not logged until after 1965. 

This study presents a sediment budget 
that summar im the major erosional and 
depositional processes in the Van Duzcn 
basin during the 3S:yr study period (Table 
1). Although the budget spans 35 y r  
(1941-1975), major changes in slope sta- 

OREGON - 
COUNTY LOCATION 

1-1 STUDY AREA 

Figure 1. Location mapof the 1,111-km' Van Duzen basin, showing the 575-km' study 
area in the upper half of the basin. This illustration appears as the upper p a n  of Figure 1 in 
the accompanying article in Part 11. 

The complete article, of which this is a summary, appears in Part 11 of the Bulktin, v. 91, no. 4, p. 1119-1216. 
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TABLE 1. COMPARISON OF ACTUAL COMPUTED SEl)lh4ENT RUDGET alanches in the Franciscan sandstone units. 
TO HYPOTHETICAL SEDIMENT BUDGET EXCLUDING THE EFkTCTS OF h4ost of the remaining sediment comes 
THE DECEMBER 1964 STORM FOR THE VAN DUZEN BASIN, 1941 - 1975 

- -- from moderately gullied grassland slopes 

Actual sediment budget Hypotherical with no large landslides. Forested slopes not 

(metric tons) 1964 storm directly adjacent to major streams contrib- 
(metric tons) ute a minimal amount of sediment, even 

Fluvial sediment yield 
from hillslopes 

Landsliding 
Debris slides, debris avalanches 
Eanhflows 

Streambank erosion 
Melange bank erosion 
Flood plain and f i l l  terrace erosiot~ 

Aggradation 
Total sediment discharge 

o u t  of basin 

biliv, channel morphology, and sediment 
transport are largely due to the effects of the 
December 1964 ,storm and flood, and ' the 
budget is therefore weighted by the effects 
of the storm. Because the 1964 storm is an 
infrequent event, 1 also present a hypotheti- 
cal budget that estimates sediment trans- 
port i f  the 1964 storm had not occurred 
(Table 1). The differences between the two 
budgets point out those geomorphic proc- 
esses most influenced by the 1964 storm. 

The vast majority of landslides occur on 
basin slopes immediately adjacent to  the 
main channels o r  on headwater slopes 
where landslide debris moves directly into 
headwater tributaries. Earthflow landslides 
(Kelsey, 1978) are confined to grassland 
slopes underlain by highly sheared Francis- 
can melange. They seasonally move collu- 
vial debris into the major channel a t  rates 
that average from 2.4 to 4.0 mlyr. Earth- 
flow colluvium is composed primarily of 
fine-grained, sheared siltstone and is carried 
away in suspension upon entering the river. 
In contrast, debris slides occur in competent 
massive Franciscan sandstone units on  
basal slopes bordering the Van Duzen and 
South Fork Van Duzen Rivers. Debris av- 
alanches are most common on competent 
sandstones and siltstones in the headwater 
region where they occur in the mid-slope or  
upper-slope areas. Both debris slides and 
debris avalanches deliver coarse material to  
the channels, - 70% of which cannot be 
carried away in suspension and remains in 
the channel to be slowly transported as bed- 
load during major .streamflow events. A 
large amount of debris sliding and a\,- 
alanching occurred during the December 
1964 storm, which resulted in widespread 
channel aggradation. 

Bank erosion along main channels and in 
headwater reaches is confined mainly to un- 
consolidated alluvium in flood plains and 
along stream reaches where bare melange 
colluvium makes up the channel margins. 
Bank erosion is 3 slow, persistent process 
each winter, but relatively short periods of 
accelerated bank retreat triggered by un- 
usually high streamflows and associated 
channel aggradation probably account for 
most of the bank erosion. 

Fluvial erosion from hillslopes is a highly 
significant sediment transporting process on 
melange grassland and grass-oak woodland 
slopes but is of negligible' importance on 
forested sandstone slopes. High fluvial ero- 
sion rates in melange terrain are mainly due 
to  extensive gullies developed on  slopes sub- 
ject to  active mantle creep o r  faster, 
earthflow movement. The more mobile 
hillslops have increasingly greater surface 
breakage and disruption and subsequently a 
higher density of gullies than rnore stable 
terrain. Mobile earthflow melange slopes 
with high gully density have the greatest 
fluvial erosion rate. 

The text of the extended report in Part I1 
describes in detail the geomorphic processes 
operating in the basin and the quantitative 
data which form the basis for the sediment 
budget and the estimates of recurrence in- 
tervals of episodic events such as debris slid- 
ing and major channel aggradation. Follow- 
ing are the most significant findings of the 
study. 

A major portion of the sedinient dis- 
charge (45%) comes from a small fractlon 
of the basin study area (5.S0A,) that consists 
of (1)  the most densely gullied grassland 
slopes, ( 2 )  earthflow landslides in the 
melange, and (3 )  debris slides and av- 

though they constitute 57% of basin area. 
The December 1964 flood, which lasted 

for about three days, mobilized a large 
quantity of sediment; it alone accounted for 
7% of the suspended sediment discharge 
during the 35-yr study period and mobil- 
ized, for the short flood period, almost as 
much bedload as moves out of the basin in a 
century. 

The  storm and flood caused massive 
amounts of debris sliding and avalanching. 
O n  streamside sandstone slopes in the 
lower portion of the study area, timber har- 
vesting initiated debris sliding even before 
the 1964 storm, but many of the areas of 
the most extreme debris sliding were those 
where the 1964 storm and flood greatly en- 
larged slope failures initiated by timber 
harvest and road construction. In addition, 
bank corrasion by flood flows initiated 
many new debris slide failures on  both 
logged and unlogged slopes. Table 2 shows 
the influence of large storms and timber 
harvesting on the time of initiation of debris 
slides in the lower part of the basin. 
Although logging significantly influenced 
the number and location of debris slides on 
basal slopes, the 1964 flood was responsible 
for actually mobilizing most of the material 
that entered the river from these debris slide 
failures. Logging is an effective trigger for 
debris slide events, but significant amounts 
of mass slope movement and sediment 
transport require the geomorphic work 
provided by largc storms and floods. 

Extensive storm-caused debris avalanch- 
ing occurred on the unlogged headwater 
slopes, indicating that the 1964  storm 
would have been a major erosional event 
without any human modification of the 
basin (Fig. 2). The increase in bare slope 
and channel areas caused by this avalanch- 
ing and channel widening in the headwater 
region significantly increased upper basin 
water yields compared to hydrologic con- 
ditions before the 1964 storm. 

A storm and flood of similar magnitude 
to  that of 1964 occurred in December o f  
1955, but the 1955 storm had minimal inr- 
pact on  streamside slope stability and chan- 
nel geometry. The reason for the difference 
in geomorphic response is not obvious be- 
cause the storms were more notable for 
their similarities than their differences 
(Harden and others, 1978). Perhaps the 



TABLE 2. DEBRIS SLIDES IN I.O\VEK W:\.I-ERSHEI) - INlTlAL OCCURRENCE OF 
SLOPE FAILURES AND AhlOlJN1' OF SEDIMENT DELIVERED TO CHANNEL 

- - - - - -. -- - - - -. - -- . - .-- -. . . -- -- -- -- 
Total Occurre~icc oi' 11ilt131 Amount of sediment 

number f ; l~ lure \  rel.it~\.e to delivered to channel, 
0 f 

failures* 
metric tons X 10.' 
( p  = 1.92 dcm:'j 

tlood flood flood Pre- A t  rime 1'0s t -  
flood of flood flood 

- - -. -- .- . . - - -. - 

Slope failures 
in logged areas 5 6 5 7 ~ , , * ~  3-1 : , , t t  I I r?;, 477 4769 173 

Slope failures 
in unloeeed areas * 

U" - - - - - - .- -. . . . . -. .- - 

Logged and unlogged land approsiniarelp equal in are.:. 
' I're-flood: 1941 through Dec. 1964; time of flood: I k c .  1964: post-floo(l: IYh--19:5. 
* Unlogged areas do not have any logging roads. 
" 79% of these failures occurred on slopes traversed h!. logging roads. 
" 5 9 %  of these failures occurred on slopes tratrrsed hy iofic~nk ro3ds. 

1955 storm did initiate cracks on the 
steeper hillslopes, priming the slopes for 
massive failure during a succeeding large 
storm. It is certain that the timing of logging 
operations in the lower \'an Duzen b a s ~ n  
rendered hillslopes more prone to failure In 
1964 than in 1955 because sufficient time 
had elapsed after logging to allow for the 
loss of slope shear strength due to the decay 
of tree roots. 

Dehris sliding and a\..ll:inclii~ig during the 
196.1 flood cot~trii)ured 3 I;lrge amount of 
coarse n l l u \ . ~ ~ l  dehris ( I  0,hO 1,000 t )  to 
main ri\.er clinnnel$, c.luhlng from 1 to 
greater rh3n .3 m of aggra~l . i t~or~ [l'igs. :i and 
4 ) ;  this .~ggr~cl:ltion I>tlrle~i former Incised 
channels and  triggered 3 period of pro- 
longed and w~desprend h'lnk erosion. In the 
15 yr following the flood, some aggraded 
channel reaches have sr,lrted to degrade 

after reaching peak stream-bed elevations 5 ii 
to 8 y r  after the flood (Fig. 4), while other , .: 'i, 
reaches are not degrading (or  degrading ".. .#: 
very slowly) due to channel srmoring 1)y ,J 

., C 
large flood-deposited clasts, as well .IS to the ,,:A 
continued supply of coarse allu\.~urn from ,-,,, 

aggraded upstream reaches (Fig. 3 ) .  Bank I" 
, m31 

erosion is still continuing on many reaches, -,,:, 

regardless of wherher the reach is degrading :_ .I 
o r  not (Fig. 4). Almost one-fifth of the total 1+''1 

Figure 2. Comparative aerial photos taken in the summers of 1963 and 1966 showing the effects of the 1964 flood in the headwaters 
of the South Fork Van Duzen. White arrows identih. the same channel locntions on both photos. The post-flood photo shows four elon- 
gate debris ai-alanches that converge downslope into dehris torrents along existing channels. Bank erosion in the channel reaches 
downstream o f  the avalanches initiated smaller streamside slides that can he seen in the post-flood photo. This illustration appears as 
Figure 11 in the accompanying article in Part 11. I 
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Figure 3. Changes in channel elevation on the Van Duzen River at Pepperwood Falls, 1951-1978 (site of  former U.S. ~ c o l o g ~ ~ ~ '  
Survey gage 11-4785). This illustration appears as Figure 1 8 in the accompanying article in Part II .  
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Figure 4. Channel changes at the downstream end of  the study area on the Van Duzen River near Grizzly Creek State Park, 1925-1978 
(U.S. Geological Survey gage 11-4785). This illustration appears as Figure 20 in the accompanying article in Part II .  
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sediment supplied to  the channel during the 
study period is stored (as of 1975) as ag- 
graded sediment in major stream channels. 

O n  the basis of dating of debris ava- 
lanche-originated channel fills which form 
multiple levels of terraces along headwater 
channels, it appears that episodes of debris 
avalanching on steep headwater slopes in 

the upper basin have recurrence intervals of 
from - 300 to greater than 500  yr. The 
episodic introduction of large quantities of 
avalanche debris to  headwater channels re- 
sults in a pulse of aggradation which mi- 
grates down upper watershed channels at - 1 k d y r .  Similar migrating pulses of ag- 
gradation cannot be documented in the 
higher-order channel of the Van Duzen 
River in the lower p a n  o f  the study area, 
despite substantial aggradation in this 
channel reach, because of the fluctuations in 
channel gradient and the more complex 
routing of alluvium from diverse source 
areas through the main channel. 

In summary, the major sediment source 
areas are the erosive grassland slopes (in- 
cluding earthflows) underlain by melange 
and debris slides and avalanches in the 
sandstone units, which together account for 
more than 90% o f  the sediment introduced 
to the Van Duzen River from only one-third 
of the basin area. Landslide areas alone 
(earthflows, debris slides, and debris av- 
alanches) account for a quarter of the total 
sediment input to  trunk streams from only 
1 % of basin area. 

The 1964 storm caused 49% more sedi- 
ment to  enter the Van Duzen basin in the 
period 1941-1975 than would have been 
the case without the storm (Table 1). This 
increase was due to  landsliding and bank 
erosion on  trunk streams (64%) and in- 
creased fluvial transport off hillslopes 
(36%). N o  channel aggradation would 
have occurred without the 1964 storm. It 
appears tha t  major landscape-altering 
storms such as that of 1964 recur on  the av- 
erage every 200 to 600  yr, on  the basis of 
studies of alluvial fills generated by av- 
alanching in the Van Duzen basin and 
elsewhere (Helley and LaMarche, 1973). 
The sediment budget for 1941-1975 there- 

fore represents relatively high sediment 
transport that occurs approximately once 
every third o r  fourth century. However, re- 
cent land use has affected the land surface 
to  a significant but undetermined extent, 
and the 35-yr budget that I present may 
now be more representative of future long- 
term rates of sediment transport than it 
would have been prior to  intensive land use. 

The current large sediment yield from 
melange grassland slopes results from ex- 
tensive gullying and slumping that appear, 
in large pan,  to be recent features of the 
landscape; these features most likely reflect 
the impacts of grazing, and especially the 
weakening of the vegetation mat by the re- 
placement of the native prairie bunch grass- 
es by weaker, short-rooted annual grasses. 
This grassland species conversion occurred 
quite rapidly after the advent of grazing in 
about the 18701s, and many of the most 
obvious sources of sediment from the grass- 
lands, such as shallow, extensive gully net- 
works and small slump failures, d o  not ap- 

pear more than a century old and could 
have commenced after prairie vegetative 
change. 

Of the many factors which influence the 
sediment budget of the basin and the man- 
ner of sediment routing through the basin, 
it is evident that the role of major storms is 
crucial in initiating o r  accelerating large 
landslides, generating tremendous quan- 
tities of runoff, causing widespread gully 
widening and headward  cutting, and  
mobilizing large amounts of bedload for 
short time spans. More frequent but less se- 
vere climatic events are important sediment 
transporters, but a significant amount of the 
sediment they move (especially bedload) is 
delivered to the stream network by the in- 
frequent larger events. Much of the stream- 
side landsliding and bank erosion during 
the smaller, more frequent storms are indi- 
rectly caused by channel and slope changes 
initiated by the high magnitude, infrequent 
storm event. In addition, catastrophic, 
rapid debris avalanching and sliding during 
major storms are the most important means 
of landform evolution on otherwise compe- 
tent sandstone slopes. Therefore, large- 

magnitude and infrequent storms, such as 
that of 1964, have a significantly greater ef- 
fect on  total sediment discharge and on 
landscape formation and a much longer 
lasting effect on channel morphology in this 
region of. high sediment yield than similar 
types of floods have on  less mountainous 
terrain underlain by more stable geologic 
units. 

The current sediment yield from the ba- 
sin, 2,570 tlkm21yr, is from three to  six 
times the maximum possible long-term rate 
since the late Miocene, based on a landform 
reconstruction of the basin. The current 
rate, which is probably one o f  the highest 
ever, may in part reflect recent uplift, but 
land use of the past century has been a 
major contributing factor. 
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COLLWIUbl IN BEDROCK HOLLOlVS ON STEEP SLOPES, 

REDWOOD CREEK DRAINAGE BASIN, NORTHWESTERN CALIFORNIA 

Donna C.  Marron 
U.S. Geological Survey 
Denver Federal  Center,  M.S. 413 
Denver, Colorado 80225 

SUMMARY 

C o l l u v i a l  d e p o s i t s  i n  s m a l l  U- t o  V-shaped bedrock h o l l o w s  
a r e  common on c o h e r e n t  graywacke s l o p e s  i n  t h e  Redwood Creek 
w a t e r s h e d  i n  n o r t h w e s t e r n  C a l i f o r n i a .  The d e p o s i t s  a v e r a g e  1 0  t o  
1 5  meters i n  w i d t h  and 3 t o  4 m e t e r s  i n  t h i c k n e s s .  Both t h e  
d e p o s i t s  and t h e  bedrock h o l l o w s  t h e y  f i l l  e x t e n d  l i n e a r l y  
downslope  toward  s t r e a m  c h a n n e l s .  The geometry  and d i s t r i b u t i o n  
of  t h e  h o l l o w s  i n d i c a t e  t h a t  t h e y  r e s u l t  from l a n d s 1  i d i n g .  The 
t e x t u r a l  and w e a t h e r i n g  c h a r a c t e r i s t i c s  of  t h e  c o l l u v i a l  d e p o s i t s  
i n d i c a t e  t h a t  h o l l o w s  can be f i l l e d  e p i s o d i c a l l y  and t h a t  p a r t i a l  
r emova l  of d e p o s i t e d  c o l l u v i u m  and s u b s e q u e n t  r e f i l l i n g  a r e  
common. However, d a t e s  of c h a r c o a l  a b o v e  and below a  t e x t u r a l  
d i s c o n t i n u i t y  i n  one  d e p o s i t  i n d i c a t e  t h a t  t h e  c o l l  u v i a l  d e p o s i t s  
c a n  remain s t a b l e  f o r  thousands  of y e a r s .  The long- te rm 
s t a b i l i t y  of c o l l u v i u m  may r e s u l t  f rom r e p e a t e d  removal  of 
c o l l u v i u m  from h o l l o w s  by e r o s i o n a l  e v e n t s  t h a t  do n o t  l o w e r  t h e  
h o l l o w s  t h e m s e l v e s .  

1. INTRODUCTION 

Although c o n s i d e r a b l e  r e s e a r c h  h a s  been done on e r o s i o n a l  
p r o c e s s e s  i n  s t e e p  f o r e s t e d  w a t e r s h e d s  i n  n o r t h w e s t e r n  C a l i f o r n i a  
(JANDA et al. 1975; NOLAN et al. 1976; HARDEN et al. 1978; KELSEY 
1980; KELSEY e t  a l .  1981) ,  l i t t l e  i s  known a b o u t  t h e  c h a r a c t e r i s -  
t i c s  of t h e  s u r f i c i a l  m a t e r i a l s  a f f e c t e d  by t h o s e  p r o c e s s e s .  
C o l l u v i u m  and s o i l s  d e v e l o p e d  on c o l l u v i u m  p r o v i d e  v a l u a b l e  i n -  
f o r m a t i o n  on e r o s i o n  and s l o p e  e v o l u t i o n  b e c a u s e  t h e i r  c h a r a c -  
t e r i s t i c s  r e f l e c t  t h e  a c t i v i t y  of d i f f e r e n t  w e a t h e r i n g  and e r o -  
s i o n a l  p r o c e s s e s .  Because t h e s e  s u r f i c i a l  m a t e r i a l s  a r e  commonly 
formed o v e r  l o n g  time p e r i o d s ,  s t u d i e s  of t h e i r  c h a r a c t e r i s t i c s  
can  p r o v i d e  long- te rm i n f o r m a t i o n  n o t  o b t a i n a b l e  t h r o u g h  d i r e c t  
measurements  of c u r r e n t  o r  r e c e n t  e r o s i o n  and d e p o s i t i o n .  

C o l l  u v i a l  d e p o s i t s  f i l l i n g  s m a l l  U- t o  V-shaped bedrock  
h o l l o w s  a r e  commonly exposed i n  r o a d c u t s  a c r o s s  s l o p e s  u n d e r l a i n  
by c o h e r e n t  bedrock i n  t h e  P a c i f i c  Nor thwest  ( D I E T R I C H  AND DUNNE 
1978;  DIETRICH e t  a l .  1982; LEHRE 1982;  DIETRICH AND DORN 1984) .  
I n  p l a c e s ,  t h e s e  d e p o s i t s  a r e  exposed i n  t h e  h e a d s c a r p s  of r e c e n t  
l a n d s l i d e s  ( D I E T R I C H  e t  a l .  1982) .  The w i d e s p r e a d  o c c u r r e n c e  of  



t h e  c o l  l u v i u m - f i l  l e d  bedrock h o l l o w s  and t h e i r  o c c a s i o n a l  
a s s o c i a t i o n  w i t h  l a n d s l i d e s  s u g g e s t  t h a t  t h e y  may be u s e f u l  i n  
u n d e r s t a n d i n g  e r o s i o n  h i s t o r y  i n  s t e e p l a n d  w a t e r s h e d s .  E x t e n s i v e  
r o a d c u t  e x p o s u r e s  c r e a t e d  d u r i n g  t i m b e r  h a r v e s t i n g  i n  t h e  Redwood 
Creek d r a i n a g e  b a s i n  n o r t h  of Eureka,  C a l i f o r n i a  ( f i g ,  1) , h a v e  
p r o v i d e d  an  o p p o r t u n i t y  t o  document t h e  t o p o g r a p h i c  p o s i t i o n s ,  
t e x t u r a l  f e a t u r e s ,  and w e a t h e r i n g  c h a r a c t e r i s t i c s  of  t h e s e  
d e p o s i t s  on s l o p e s  u n d e r l a i n  by c o h e r e n t  graywacke i n  t h a t  b a s i n .  
L a n d s l i d e  t e r m i n o l o g y  i n  t h i s  paper  f o l l o w s  t h a t  of VARNES 
( 1 9 7 8 ) .  

2. PREVIOUS WORK 

E a r l y  s t u d i e s  of s l o p e  d e p o s i t s  i n  s m a l l  bedrock  h o l l o w s  
i n t e r p r e t e d  t h e  d e p o s i t s  a s  f i l l e d  g u l l i e s .  BRYAN (1940)  
d e s c r i b e d  p o c k e t s  of r e g o l i t h  i n  s m a l l  bedrock h o l l o w s  t h a t  h e  
o b s e r v e d  on s l o p e s  i n  N e w  Mexico, Texas ,  and t h e  s o u t h e r n  
Appa lach ians .  He a t t r i b u t e d  t h e  f o r m a t i o n  .of  t h e s e  d e p o s i t s  t o  
t h e  f i l l i n g  of g u l l i e s ,  which  form on s l o p e s  when r e g o l i t h  
becomes s u f f i c i e n t l y  w e a t h e r e d  and c l a y - r i c h  t o  p r o h i b i t  
i n f i l t r a t i o n  and t o  promote r u n o f f .  PARIZEK ti WOODRUFF (1957) 
d e s c r i b e d  smal l  U- t o  V-shaped d e p o s i t s  i n  t h e  s o u t h e r n  
Appalachians. They also i n t e r p r e t e d  t h e  d e p o s i t s  a s  g u l l y  f i l l s .  

More r e c e n t  s t u d i e s  i n  t h e  P a c i f i c  Nor thwes t  h a v e  l i n k e d  t h e  
f o r m a t i o n  of p o c k e t s  of c o l l u v i u m  on s l o p e s  t o  l a n d s l i d i n g .  
DIETRICH & D U N N E  (1978) and D I E T R I C H  e t  a l .  (1982)  r e f  e r r e d  t o  
c o l l  uvium-f i l l e d  U- t o  V-shaped bedrock h o l l o w s  on s t e e p  f o r e s t e d  
s l o p e s  i n  t h e  Oregon Coas t  Range a s  "wedges" and  s u g g e s t e d  t h a t  
t h e  d e p o s i t s  a r e  f i l l e d  . l a n d s l i d e  s c a r s  and  s i t e s  of r e p e a t e d  
l a n d s 1  i d e  a c t i v i t y .  LEHRE (1982) d e s c r i b e d  c o l  l u v i a l  d e p o s i t s  i n  
bedrock h o l l o w s  on s l o p e s  a p p r o x i m a t e l y  14 km n o r t h w e s t  of San 
F r a n c i s c o  and a l s o  i n t e r p r e t e d  them a s  f i l l e d  l a n d s l i d e  s c a r s .  
DIETRICH & DORN (1984) q u a n t i f i e d  t h e  a g e  of c o l l u v i u m  t h a t  was 
m o s t l y  removed by l a n d s l i d i n g  from a  bedrock h o l l o w  i n  
n o r t h w e s t e r n  Ca l  i f  o r n i a .  

3 .  THE STUDY AREA 

C o l l u v i a l  d e p o s i t s  d e s c r i b e d  i n  t h i s  p a p e r  o c c u r  .on s l o p e s  
u n d e r l a i n  by c o h e r e n t  graywacke i n  t h e  Redwood Creek b a s i n  i n  t h e  
Coas t  Ranges of n o r t h w e s t e r n  C a l i f o r n i a  ( f i g .  1). G r a d i e n t s  of 
t h e s e  s l o p e s  commonly r a n g e  f rom 20  p e r c e n t  t o  o v e r  50  p e r c e n t ,  
and a v e r a g e  a p p r o x i m a t e l y  35 p e r c e n t .  Below g e n t l y  s l o p i n g  i n -  
t e r f  l u v e s ,  s l o p e  p r o f i l e s  a r e  u s u a l l y  s t r a i g h t  t o  s l i g h t l y  con- 
c a v e .  Maximum r e l i e f  i n  t h e  Redwood Creek w a t e r s h e d  i s  1615 m. 

The c l i m a t e  of t h e  Redwood Creek d r a i n a g e  b a s i n  is  
c h a r a c t e r i z e d  by wet  w i n t e r s  w i t h  m i l d  t e m p e r a t u r e s  and d r y  
summers. Y e a r l y  p r e c i p i t a t i o n ,  which o c c u r s  a l m o s t  e x c l u s i v e l y  
from October  t o  J u n e ,  r a n g e s  from 1800 t o  2300 mm. B e f o r e  
l o g g i n g ,  f o r e s t s  t h a t  were c h i e f l y  composed of redwood ( S e g u i d  
scea~sruirsns) and Doug1 as-£ i r  (Ps~ndQUngsa  m d n z i s ~ i i )  c o v e r e d  



most h i l l s l o p e s  i n  t h e  Redwood Creek w a t e r s h e d .  P r a i r i e s  c o v e r e d  
by g r a s s e s  and s h r u b s  o c c u r  on g e n t l y  s l o p i n g  i n t e r f l u v e s  i n  t h e  
s t u d y  a r e a .  These p r a i r i e s  were  p r e s e n t  b e f o r e  t h e  s t a r t  of 
t i m b e r  h a r v e s t .  

Bedrock i n  t h e  s t u d y  a r e a  c o n s i s t s  p r i m a r i l y  of 
unmetamorphosed bedded graywacke, which i s  i n t e r b e d d e d  w i t h  
l e s s e r  amounts of mudstone and s t i l l  l e s s e r  amounts of 
cong lomera te .  Beds a r e  u s u a l l y  0.1 t o  3.0 m t h i c k  b u t  can  b e  a s  
t h i c k  a s  10.0 m (HARDEN e t  a l .  1981) .  The graywacke i n c l u d e s  
t e c t o n i c a l l y  emplaced b l o c k s  of c o n g l o m e r a t e  a n d  p a r t i c u l a r l y  
r e s i t a n t  graywacke, which a r e  s u r r o u n d e d  by s h e a r e d  and broken 
graywacke and s h a l  e. 

4 .  DESCRIPTION OF COLLWIAL DEPOSITS AND BEDROCK HOLLCWS 

4 . 1 .  GEOMETRY AND TOPOCIRAPHIC DISTRIBUTION 

S h a r p  c o n t a c t s  w i t h  bedrock make c o l l u v i a l  d e p o s i t s  i n  t h e  
s t u d y  a r e a  e a s i l y  d i s t i n g u i s h a b l e  from bedrock a n d  s h a l l o w  s o i l s  
t h a t  h a v e  d e v e l o p e d  on bedrock.  Both t h e  d e p o s i t s  and t h e  
bedrock h o l l  ows t h e y  f i l l  a r e  U- t o  V-shaped i n  c r o s s  s e c t i o n  and  
a r e  commonly 1 0  t o  1 5  m i n  w i d t h  a n d  3 t o  4 m i n  d e p t h .  T h r e e -  
d i m e n s i o n a l  e x p o s u r e s  show t h a t  t h e  c o l l u v i a l  d e p o s i t s  and t h e i r  
a s s o c i a t e d  bedrock h o l  lows e x t e n d  1 i n e a r l y  downs lope  toward 
s t r e a m s  o r  r a v i n e  bottoms.  Some of t h e  bedrock h o l l o w s  h a v e  a 
c o n c a v e  upward l o n g i t u d i n a l  p r o f i l e .  

Mapping of t h e  U- t o  V-shaped c o l l u v i a l  d e p o s i t s  a l o n g  majo r  
h a u l  roads  i n  a  p a r t i c u l a r l y  w e l l - e x p o s e d  t r i b u t a r y  b a s i n  w i t h i n  
t h e  s t u d y  a r e a  ( f i g .  2 )  i n d i c a t e s  t h a t  t h e  d e p o s i t s  a r e  abundan t  
and w i d e l y  d i s t r i b u t e d .  Approx imate ly  1 5  p e r c e n t  of maj o r  h a u l  
r o a d s  t r a v e r s i n g  t h e  a r e a  shown i n  f i g u r e  2 i n t e r s e c t  c o l l u v i u m -  
f i l l e d  bedrock h o l l o w s .  D e p o s i t s  a r e  f o u n d  i n  t o p o g r a p h i c  
p o s i t i o n s  r a n g i n g  f rom t h e  b o r d e r s  of d e e p l y  i n c i s e d  s t r e a m  
c h a n n e l s  t o  t h e  s i d e s  of prominent  i n t e r f  l u v e s .  Many d e p o s i t s  do 
n o t  c o m p l e t e l y  f i l l  t h e  bedrock h o l l o w s  i n  which t h e y  o c c u r ,  and 
a r e  c o n s e q u e n t l y  a s s o c i a t e d  w i t h  a  s l i g h t  t o p o g r a p h i c  d e p r e s s i o n  
o r  swale. Not a l l  t o p o g r a p h i c  s w a l e s  i n  t h e  s t u d y  a r e a  c o n t a i n  
c o l l u v i u m - f  i l l e d  bedrock ho l lows ,  however, and some co l luv ium-  
f i l l e d  bedrock h o l l o w s  l a c k  t o p o g r a p h i c  e x p r e s s i o n .  

The bedrock h o l l o w s  a r e  p r o b a b l y  formed by d e b r i s  
a v a l a n c h e s ,  a s  i n d i c a t e d  by t h e i r  geometry  and  d i s t r i b u t i o n .  The 
U-shaped c r o s s  s e c t i o n s  of many h o l l o w s  and t h e  l a c k  of f l u v i a l l y  
c u t  n o t c h e s  o r  a l l u v i a l  d e p o s i t s  a s s o c i a t e d  w i t h  any of t h e  
h o l l o w s  s t r o n g l y  s u g g e s t  t h a t  t h e y  were  n o t  c a u s e d  by g u l l y i n g .  
L o c a t i o n s  of some c o l l u v i a l  d e p o s i t s  on o r  n e a r  r i d g e t o p s  
r e s e m b l e  t o p o g r a p h i c  p o s i t i o n s  of  d e b r i s  a v a l a n c h e  s c a r s  r a t h e r  
t h a n  f  l u v i a l l y  c u t  c h a n n e l s  i n  f o r e s t e d  w a t e r s h e d s .  A l a n d s l i d e  
o r i g i n  f o r  t h e  w i d e s p r e a d  and abundan t  h o l l o w s  is c o m p a t i b l e  w i t h  
o b s e r v a t i o n s  of e r o s i o n a l  p r o c e s s e s  t h a t  a r e  p r e s e n t l y  a c t i v e  i n  
t h e  Redwood Creek bas in .  Dense v e g e t a t i o n  a n d  h i g h l y  p e r m e a b l e  
s u r f a c e  m a t e r i a l s  i n h i b i t  g u l l y  d e v e l o p m e n t  o n  f o r e s t e d  s l o p e s  i n  
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CHARACTERISTICS OF MANAGEMENT-RELATED DEBRIS FLOWS, Abstract: An inventory of landslides in the lower 

NORTHWESTERN  CALIFORNIA^ Redwood Creek basin, California showed that 
erosion due to shallow landslides has been 
accelerated by logging-road and skid trail 
construction. The analysis of landslides 
occurring during the 1981-82 rainfall season 
showed that all debris flovs (40) originated from 
roads or skid trails on 'slopes with gradients of 
at least 30 degrees. Furthermore, 90 percent bf 
the inventoried features originated less than 30 
meters below a maj'or convex break-in-slope and 
87.5 percent 'of the failures occurred in a poorly 
drained soil having a mottled horizon less than 
one meter from the surface. These site 
characteristics commonly occur at the headwaters 
of ephemeral drainages or in streamside gorge 
slope positions. Results of this study are being 
applied in an erosion control program to 
selectively identify road reaches with high failure 
potential. 

Since the expansion of Redwood National Park in 
1978 to include nearly 13,000 hectares of cutover 
forest lands in the lover Redwood Creek basin, no 
severe storms (T 1 5 yrs) have impacted the area. 
However, the winier of 1981-82 produced several 
moderate precipitation events which' resulted in 
numerous shallow hillslope failures on steep forest 
land in the area. An inventory and analysis of the 
resultant debris slides, avalanches, flows and 
torrents was accomplished in 1982. These -failures 
are hereafter collectively referred to as debris 
flows, reflecting the dominant type of failure 
(Varnes, 1958). 

The purpose of the study was to develop a better 
understanding of the hillslope processes and to 
develop criteria useful for selecting mass erosion 
prone sites for treatment in an ongoing erosion 
control program. Previous studies in the 
northwestern United States have described and 
quantified characteristics of shallow landslides on 
forest steeplands (Dyrness, 1967; Swanson and 
others, 1981; Gresswell and others, 1979). 
Computer assisted multivariate analysis of a wide 
spectrum of site characteristics has been used to 
predict the loci of landslide occurrence (Rice, 
1967; Furbish and Rice, 1983; Neely, 1983). This 
study examined some common field associations 
recognized by other researchers as well as 
additional factors which were associated with 
3ebris flow location and hillslope failure inthe 
study area. 

'presented at the Symposium on The Effects of 
Porest Land Use on Erosion and Slope Stability, 
1-11 May. 1984, Honolulu, Hawaii. 

2~ydrologist, Redwood National Park, Nat ional 
'ark Service, U.S. Department of Interior, Orick, 
:alifornla, U.S.A. 

STUDY AREA 

The study area comprises 200 km2 of Redwood 
National Park located in the lower Redwood Creek 

basin, northwestern California (fig, 1). 
Approximately 34 percent of the study area is 
virgin redwood forest. 51 percent has. been 
clearcut and tractor yarded and 7 percent has been 
clearcut and cable yarded. The Redwood Creek 
basin lies within the rugged Coast Range province 
and, is underlain by folded and sheared sandstones, 
mudstones and schists of the Franciscan assemblage 
(Harden and others. 1982). The region is subject 
to high erosion rates due to geologically rapid 
tectonic uplift, the pervasively sheared and , 

faulted condition of the underlying lithologies 
and the imprint of complex, highly disruptive 
landuse activi'ties (Janda and others, 1975). The 
Mediterranean climate results in an annual average 
precipitation of 205 cm occurring mostly as rain 
during a single eight-month period. 

METHODOLOGY 

A total of 40 recently activated debris flows, 
visible in June 1982 during low altitude aerial 
reconnaissance flights, was included for this 
analysis. The entire study area was aerially 
searched to avoid biases created by reliance on 
ground observations which tend to miss failures in 
non-roaded terrain. Locations of debris flows 
were plotted on a master inventory map (1:48000). 
True color (1 : 6000), color infrared (1 : 25000) and 
black and white (.1:12000) aerial photographs were 
examined to gain topographic, hydrologic and 
historical information. A field inventory 
addressing 39 variables was completed for each 
failure. Lengths, widths, and runout distances 
were measured with an optical range finder. 
Failure depths were estimated. Aspect and 
hillslope gradients were measured with compass and 
clinometer, respectively. Distance to streams and 
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Figure 1--Location map of the lower Redwood Creek 
basin, Northwestern California, U.S.A. Study area 
is encompassed by Redvood National Park boundary. 

major convex breaks in slope vere estimated and 
hillslope morphology was categorized as planar, 
concave or convex along horizontal and downslope 
axes. Spatial relationships of the landslides to 
roads, skid trails and harvest units were also 
noted. 

Soil characteristics vere identified from 
exposures of the soil profiles at landslide scarps 
or adjacent road cutbanks. Soil texture vas 
judged by feel and diagnostic surface and 
subsurface soil horizons were determined. Where 
exposures permitted observation of the underlying 
lithology, total depth of the regolith, bedrock 
competency and dip of bedding or foliations was 
documented. 

Continuous rainfall records were obtained from 
two tipping bucket precipitation recorders located 
within the study area. Additional hydrologic data 
collected during field inspections included the 
location of surface vater f l w  routes, ponded 
vater, springs, and the presence of vigoroue 
hydrophilic vegetation. 

RESULTS 

The inventoried debris flows deposited about 
14,000 cubic meters of sediment into intermittent 
and perennial streams. Two thirds of that volume 
was deposited by a single debris torrent (fig. 2F 
and 3). 

The first and most intense storm known to have 
induced many of the slope failures occurred on 19 
December 1981. The maximum recurrence interval for 
the storm was only 3 years for the 24-hour total 
of 160 mm. However, that storm vas preceded by 80 
cm of rain over the preceding 38 days (fig. 4). 
The recurrence intervals for shorter durations for 
the same storm vere less than 2 years (Miller and 
others, 1973). 

Although the failure dimensions varied widely 
(fig. 2), the debris flov source areas exhibited 
several important similarities (table 1). The most 
prominent siinilarity was that all of the debris 
flows originated in landing, road or skid trail 
sidecast material where the local hillslope 
gradients exceeded 30 degrees. More than half of 
the failures had multiple skid trails crossing the 
source area. 

A bimodal distribution of failures on the 
hillslope profile vas found to coincide with the 
typical occurrence of two convex slope breaks in 
the area. Ninety percent of the failures occurred 
less than 30 meters. below these major convex slope 
breaks. The two steep, convex sections of the 
hillslope, illustrated in figure 5, are inherently 
geomorphically active zones. The upper convexity 
is formed as a result of headvard downcutting of 
an uplifted surface by first and second order 
streams. The lower "inner gorge" areas are formed 
by rapid incision of higher order streams into 
stream valleys. Consequently, the oversteepened 
slopes at both locations are prone to landsliding. 

Another important topographic relationship noted 
was the tendency for failures to originate in minor 
swales at the heads of ephemeral drainages (figs. 5 
6 6). At these locations, culverts or other 
drainage provisions through the road prism were 
noticeably absent. 

Eighty-eight percent of the features were 
located in a single soil type characterized as a 
moderately deep (>1.5 meters) inceptisol having a 
fine-loamy texture overlying saprolitic schist. 
This soil exhibits mottling in a subsurface 
g-horizon within one meter of the surface. The 
mottled g-horizon is significant because it 
develops in poorly drained soils as a result of 
periodically saturated conditions (Brady, 1974). 

The inherently vet conditions of most of the 
failure sites vere often revealed by the presence 
of springs and unusually dense and vigorous 
hydrophilic vegetation including Red alder (Alnus 
rubra) and rushes (Juncus sp.). Color infrared 
aerial photographs highlighted vigorous vegetative 
growth on wet sites indicative of persistently 
shallow groundwater. 
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Figure 2-Histograms of A) depths, B) widths, C) 
runout distances, D) lengths, E) volumes and F) 
sediment delivery to intermittent and perennial 
streams. Data collected from 40 debris flows 
active during Winter, 1981-1982, lower Redwood 
Creek basin, California. 
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Table I--Common associations of debris flows and 
other site variables in the lower Redwood Creek 
basin, Winter 1981-1982. 

Site Variables Number of Percent 
Debris Flows of Total 

1) Origin at: 
a. Road or 

Landing 2 2 
b. Skid Trail 18 - 

Total 40 

2 )  Hillslope 
Gradient>30° 40 100 

3) <30 Meters Below 
Slope Convexity 3 6 

&) Soil exhibits 
Mottling<lm Deep 3 5 

DISCUSSION 

The ability to define specific areas with high 
failure potential is essential to effectively 
manage forest steeplands. Through the analysis of 
various extrinsic and intrinsic factors 
potentially related to landsliding, high risk 
areas may be delineated. The methodology employed 
in this inventory and analysis can be utilized 
elsewhere to pinpoint sensitive areas and compile 
an appropriate set of diagnostic criteria for risk 
classification. 

This study has shown that the greatest 
potential for slope instabilities in the study 
area occur where roads and skid trials cross steep 
slopes and wet soils located in headwater swales 

or along inner gorge slope positions, These 
findings agree in part vith other studies done in 
the region. 

Neely (1983) tested a proposed erosion hazard 
rating system for logging-related debris slides in 
Northern California (California Board of Forestry, 
1981) and found that only four criteria were 
significant in predicting debris slide locations 
in his study area. Those factors were: 1) slope 
gradient, 2) distance to springs. 3) distance to a 
major convex break-in-slope, and 4) density of 
Incipient drainages (swales). Neely's results, 
indicating that the greatest instabilities occur 
on steep, wet hillslopes beneath major convex 
elope-breaks, corroborate the results of this 
investigation. 

Gresswell and others (1979) pooled data from 
forest lands which show that 70 percent of 
landslides in the northwestern United States are 
related to roads and the greatest number of these 
are sidecast fill failures. Swanston (1976) 
contends that roads cause failures due to slope 

loading, inadequate provision for slope and road 
drainage and oversteepened cutbanks. Direct 
severence or burial and subsequent decay of forest 
root systems also decrease hillslope stability 
(Ziemer, 1981). 

As suggested by this study, an additional 
factor to be considered is the potential influence 
of road fills on natural subsurface flow 
characteristics. As forest roads cross a 
hillslope, the fill/cut ratio is greatest within 
swales. The weight of these deep, wide fill 
wedges may compact underlying soil horizons thus 
reducing their permeability. Consequently, 
subsurface flows which naturally concentrate in 
topographic depressions are restricted causing 
elevated pore water pressures beneath the road 
prism (fig. 7). Furthermore, a cap of 
structureless and permeable sidecast fill prevents 
exfiltration and relief of building pressures. As 
a result, continued buildup of pore water pressure 
beneath and within the road prism may lead to 
eventual failure. 

Although the landslides observed during this 
study were clearly associated with road 

Regolith 

Sidecast fill 

Saprolitic, relatively-impermeable schist 

Coherent Schist 

v ............ Pre-road piezometric surface 

,,,L- Hypothesized increase in piezometric surface 

- Predominant direction of subsurface flow 

Figure 7--Diagrammatic cross section of forest 
road having no cut into hillslope. Dual 
piezometric surfaces show hypothesized conditions 
before and after road construction. 



construction, it should not be inferred that only 
roaded sites in the study area are unstable. 
However, this study does confirm that roads 
decrease the stability of geomorphically active 
sites. The fact that no debris flows were found in 
non-roaded areas only indicates that the failure 
thresholds for these locations were not exceeded. 

If a geomorphic threshold for landsliding is 
defined as a ratio of driving and resistingforces, 
hillslope failure occurs when the ratio become 
unity (Bull, 1980). This mechanistic definition, 
also known as the factor of safety, has been used 
extensively in slope stability analyses. Ward and 
others (1981) used a factor of safety model to 
predict general landslide hazards on forest 
hillslopes in southeast' Alaska. More detailed 
stability analyses covering large forest management 
units are impractical. Since the intrinsic 
variables influencing slope stability such as 
cohesion and frictional strength vary spatially,' 
attempts to identify absolute threshold values 
should be approached on a site specific basis. 
Therefore, it is crucial to identify additional 
criteria, such as soil characteristics or 
microtopographic position, which will limit the 

areas requiring further analysis. 

CONCLUSIONS 

The short period of record for timber harvesting 
on steep and unstable hillslopes prevents a direct 
magnitude-frequency analysis for debris sliding. 
However, utilizing a mechanistic analysis of 
hillslope stability, it may be possible to define a 
set of recurrence intervals for the conditions for 
which a landslide threshold is attained. The 
intrinsic variables within the factor of safety 
equation. can he measured or derived for a 
particular site and act as constants for stability 
calculations. Because porewater pressure 
ultimately induces slope failure, it is the 
recurrence interval of the piezometric surface, not 
rainfall, for which estimates need to be 
determined. 

Obviously rainfall creates fluctuations in 
piezometric levels. Where rainfall records are 
available, precipitation could be a surrogate 
variable potentially suitable for analysis. 
However, studies using stochastic methods to 
directly correlate precipitation with debris flow 
occurrence (Caine, 1980; Wieczorek and Sarmiento, 
1983) have yielded inconclusive results. 

A more suitable approach for magnitude-frequency 
analyses was taken by Swanston (19671, who utilized 
piezometric data to define a precipitation- 
piezometric head relationship for some thin soils 
in southeast Alaska. To develop such a predictive 
model for deeper colluvium-derived soils, current 
research at Redwood National Park involves 
continuously monitoring precipitation and 
piezometric levels at roads in debris flow prone 
locations. Through these efforts, we hope to more 
closely define both the precipitation-pore pressure 

relationship and the influence of road location on 
subsurface flow regimes. 

There are several methods available to 
reduce debris flows related to constructiop of new 
roads, maintaining existing roads and 
rehabilitation of abandoned roads. Most 
obviously, sensitive slopes can be delineated and 
avoided when new roads are built. Total mileage 
requirements for new roads can be reduced by 
increasing road spacing in conjunction with . 

complementary yarding systems (e.g. multiple span 
skylines, balloon or helicopter yarding). Road 
alignments which closely follow contours of the 
slope reduce the volume of sidecast fill plaid in 
swales. Permeable blankets or horizontal drains 
can be used to improve drainage of the road prism 
and underlying soils. Finally, structural 
reinforcement of fillslopes can be an effective 
means of preventing fillslope failures on nev and 
euisting roads. 

The erosion control program at ,Redwood 
National Park concentrates on erosion control and 
prevention by the excavation of unstable fill 
material from abandoned roads and skid trails. 
Results of this study are being.used to 
selectively identify those road sections with high 
failure potential. Such specific road or skid 
trail reaches receive more extensive treatments 
including total fill removal. The ability to 
selectively prioritize treatment sites has helped 
to optimize the cost-effectiveness of logging road 
rehabilitation. 
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Blocks1 i d i n g  on Sch i s t  i n  t h e  Lower Redwood Creek Drainage, 
Northwest C a l i f o r n i a  

Ronald Sonnevi 1  , Randy K.lei n, R ichard  LaHusen, 
Darc ia  Shor t  and W i  11 iam Weaver 

ABSTRACT 

Mass-movement i s  an impor tan t  process f o r  shaping landforms and p roduc ing  
sediment i n  t h e  Redwood Creek bas in ,  nor thwes t  Cal i f o r n i a .  Prev ious 
i n v e s t i g a t i o n s ,  based on ana l ys i s  o f  a e r i a l  photographs, d e p i c t  an abundance 
o f  a n c i e n t  and r e c e n t  lands1 i des  on sedimentary  t e r r a n e  , b u t  r e l a t i v e l y  few 
l a n d s l i d e s  i n  t he  h e a v i l y  t imbered s c h i s t  t e r r a n e .  Th i s  s tudy ,  based on f i e l d  
mapping i n  t he  l owe r  Redwood Creek bas in ,  has i d e n t i  f e d  a t  l e a s t  33 a c t i v e  
b l o c k  s l i d e s  on f o r e s t e d  l and  u n d e r l a i n  by t h e  S c h i s t  o f  Redwood Creek. Most 
of t h e  b l ock  s l i d e s  occur  immediate ly  west o f  t h e  B r i dge  Creek l ineament .  

Most b l o c k  s l i d e s  i n  t h e  s tudy area a re  d i s c r e t e ,  t r a n s l a t i o n a l  l a n d s l i d e s  
rang ing  i n  s i z e  f rom 0.4 t o  2.0 hectares.  Some o f  t h e  l a r g e r  f e a t u r e s ,  which 
a r e  n o t  bounded by we1 1-def ined l a t e r a l  scarps,  range up t o  40 hec ta res  i n  
area1 e x t e n t .  Ep i sod i c  movement o f  t he  mon i to red  b l o c k  s l i d e s  i s  c l o s e l y  
r e 1  a ted  t o  r a i n f a l l  events .  To ta l  annual measured d isp lacement  ranges from 0 
t o  7 meters.  Observed depths t o  f a i l u r e  sur faces  range between 3.4 and 6.9 
meters .  Near ly  a l l  b l o c k  s l i d e s  a r e  assoc ia ted  w i t h  a  h i g h l y  sheared, b l a c k  
s c h i s t  which i s  a  metamorphosed a r g i l l a c e o u s  rock.  B l o c k - s l i d e  movement has 
been de tec ted  near  t h e  boundary between sheared b l a c k  s c h i s t  and o v e r l y i n g  
brownish-gray reg01 i t h .  Th is  p r e f e r e n t i a l  f a i l u r e  s u r f a c e  development i s  
p robab ly  a  r e s u l  t o f  permeabi 1  i ty  and cohesion d i f f e r e n c e s  between these 
m a t e r i a l s .  

B lock s l  i des  d i f f e r  f rom t y p i c a l  grass land-covered e a r t h f l o w s  on Franc iscan 
sedimentary t e r r a n e  i n  nor thwest  C a l i f o r n i a .  Ma jo r  d i f f e r e n c e s  i n c l u d e  s i ze ,  
morphology, 1 i t h o l o g i c  c o n t r o l s  on f a i  1  u r e  depths, and tempora.1 
c h a r a c t e r i s t i c s  o f  movement. 

Blocks1 i d i n g  may be a n  important process responsible for sculpting schist 
t e r rane ,  p roduc ing  many of  the  smal l e r ,  " t rough-shaped" f i  r s t - o r d e r  dra inages 
common t o  t h i s  l i t h o l o g i c  u n i t  w i t h i n  t h e  lower  Redwood Creek bas in .  B lock 
s l i d e s  a l s o  p robab l y .  e x i s t  on s c h i s t  t e r r a n e  i n  t h e  upper  two t h i r d s  .o f  t h e  
bas in .  As ide f rom a long  the  Br idge  Creek l ineament ,  b l o c k  s l i d e s  a r e  most 
1  i k e l y  t o  be found i n  o t h e r  areas where t h e  bedrock c o n s i s t s  p redomina te ly  of  
sheared b l a c k  s c h i s t .  They may a l s o  be found on t e r r a i n  u n d e r l a i n  by 
l i t h o l o g i e s  s i m i l a r  t o  t h e  S c h i s t  o f  Redwood Creek, such as t h e  South Fork 
Mountain S c h i s t  i n  nor thwes t  C a l i f o r n i a  and t h e  Colebrooke S c h i s t  i n  southwest 
Oregon. 



INTRODUCTION 

Redwood Creek, a  730km2 dra inage  bas in  i n  nor thwes t  C a l i f o r n i a  ( F i g .  l ) ,  
con ta i ns  some o f  t h e  most r a p i d l y  e rod ing  t e r r a i n  i n  Nor th  America (Janda. and 
Nolan, 1979). Rapid t e c t o n i c  u p l i f t  occur ing  w i t h i n  t h e  l a s t  two m i l l - i o n  
years  has r e s u l t e d  i n  over  600 meters o f  stream i n c i s i o n  a l o n g '  Redwood Creek 
(Kelsey, i n  p ress) .  The bas in  i s  u n d e r l a i n  by h i g h l y  sheared sandstones, 
mudstones and s c h i s t s  o f  t h e  Franc iscan assemblage (Harden .and o thers ,  1981). 
The deep i n c i s i o n  combined w i t h  i n h e r e n t l y  uns tab le  bedrock, seasona l l y  h i g h  
r a i n f a 1  1 and ex tens i ve  t imbe r  h a r v e s t i n g  has r e s u l t e d  i n  abundant 
mass-movement a c t i v i t y .  The dominate types o f  mass-movement a r e  s t reamside 
l a n d s l i d e s ,  d e b r i s  s l i d e s ,  ear th f lows ,  b l o c k s l i d i n g  and s o i l  c reep (Harden and 
o the rs ,  1978; Swanston and o thers ,  1983). Coleman (1973) r e p o r t s  t h a t  a t  
l e a s t  36 percen t  o f  t he  Redwood Creek bas in  c o n s i s t s  o f  landforms i n d i c a t i v e  
of  a n c i e n t  o r  r e c e n t  mass-movement a c t i v i t y .  

Past work w i t h i n  t h e  Redwood Creek bas in  i n d i c a t e s  t h a t  , l a n d s l i d e  forms occupy 
t h r e e  t imes as much area on sedimentary t e r r a n e  as compared t o  areas u n d e r l a i n  
by  s c h i s t ,  even though b o t h  rock  types compr ise equal  o r t i o n s  o f  t h e  
catchment (Nolan and o the rs ,  1976; Harden and o the rs ,  1978r. The dominant 
types.  of. a c t i v e  o r  r e c e n t l y  a c t i v e  l a n d s l  i des  o c c u r r i n g  w i t h i n  sedimentary 
t e r r a n e  a r e  e a r t h f l o w s  , d e b r i s  s l  i des  and s t reamside l a n d s l  i des .  A1 though 
some streamside landslides and larqe debris slides are present i n  the s c h i s t  
(Kelsey and o thers ,  i n  p ress ) ,  r e i i o u s  i n v e s t i g a t o r s  found few a c t i v e ,  s low 
moving, deep-seated l a n d s l i d e s  ! f a i l u r e  depths > 3m) e q u i v a l e n t  t o  t h e  e a r t h  
f l ows  on sedimentary t e r r a n e  (Nolan and o thers ,  1976). Ins tead ,  creep and . 

b locks1  i d i n g  which occur  ove r  l a rge ,  undef ined p o r t i o n s  o f  h i  11 s lopes and l a c k  
d i s t i n c t  boundaries,  have been shown t o  be impo r tan t  mass-movement processes 
on areas u n d e r l a i n  by s c h i s t  bedrock (Swanston and o the rs ,  1983; Marron, 
1982). 

Est imated e ros ion  r a t e s  f rom l a n d s l i d e s  and g u l l i e s  can account  f o r  much of 
t h e  'sandstone-der ived sediment i n  Redwood Creek, b u t  a v a i l a b l e  da ta  concern ing  
e r o s i o n  r a t e s  f o r  s c h i s t  t e r r a n e  cannot account f o r  a  s u b s t a n t i a l  p o r t i o n  of 
t h e  s c h i s t - d e r i v e d  sediment (Harden and o the rs ,  1978;. M. Madej, persona l  
communication, 1985). Th i s  d iscrepancy caused Harden and o t h e r s  (1978) t o  
specu la te  t h a t  l a n d s l i d i n g  i n  s c h i s t  t e r r a n e  must be much more p r e v a l e n t  than  
was obvious on t h e  a e r i a l  photographs used f o r  t h e  bas in-wide l a n d s l i d e  
d i s t r i b u t i o n  a n a l y s i s  by No1 an and o t h e r s  (1976).  

S tud ies  now i n  progress w i t h i n  the  lower  Redwood Creek b a s i n  have documented 
two a d d i t i o n a l  mechanisms o f  l a n d s l i d i n g  which may h e l p  account  f o r  more o f  
t h e  s c h i s t - d e r i v e d  sediment. LaHusen (1984), and LaHusen and Sonnevi l  (1984) 
documented an abundance o f  r oad - re l a ted  d e b r i s  f l o w s  o c c u r r i n g  i n  s c h i s t  
t e r r a i n .  A d d i t i o n a l l y ,  i n  ou r  r ecen t  work i n  s e l e c t e d  areas o f  t h e  l owe r  
watershed, we have i d e n t i f i e d  33 a c t i v e  deep-seated t r a n s l a t i o n a l  l a n d s l i d e s  
o c c u r r i n g  on s c h i s t .  Because they  a re  f o res ted ,  most o f  these slow moving 
l a n d s l i d e s  were n o t  apparent  on t h e  sma l l -sca le  a e r i a l  photographs used by  
p rev ious  workers.  P r e l i m i n a r y  r e s u l t s  on t h e  s p a t i a l  d i s t r i b u t i o n  and 
movement c h a r a c t e r i s t i c s  o f  a  sample o f  these 33 e a r t h  b l o c k  s l i d e s  ( a f t e r  
Varnes, 1978), h e r e i n  r e f e r r e d  t o  as "b l ock  s l i d e s " ,  i s  t h e  s u b j e c t  o f  t h i s  
r e p o r t .  



F i g u r e  1. Map of t he  Redwood Creek bas in  showing l o c a t i o n  of s t udy  
area. 



CHARACTERISTICS OF BLOCK SLIDES 

We have t e n t a t i v e l y  d i v i d e d  t h e  b l o c k  s l i d e s  i n t o  two ca tego r i es :  1) those  
compara t i ve ly  sma l l ,  d i s c r e t e  f e a t u r e s  w i t h  d i s t i n c t  l a t e r a l  boundar ies,  and 
2) l a r g e r  f e a t u r e s  which do n o t  have d i s t i n c t  l a t e r a l  boundar ies (F ig .  2 ) .  
Most o f  t h e  i n f o r m a t i o n  f o r  t h i s  p r e l i m i n a r y  r e p o r t  concerns t h e  s m a l l e r  
d i s c r e t e  b l o c k  s l i d e s .  

D i s t r i b u t i o n  

The s tudy  area ( F i g .  1) i nc l udes  t h a t  p o r t i o n  o f  t h e  Redwood Creek basin, 
con ta ined  w i t h i n  Redwood Na t i ona l  Park, which i s  u n d e r l a i n  by t h e  S c h i s t  o f  
Redwood Creek. F i gu re  2 shows t h e  d i s t r i b u t i o n  o f  known a c t i v e  
b l ock  s l i d e s  w i t h i n  t h e  s tudy  area. Most o f  these  l a n d s l i d e s  were d iscovered  
e i t h e r  by geomorphic f i e l d  mapping ( s c a l e = l :  1200) conducted p r i o r  t o  watershed 
r e h a b i l i t a t i o n  p r o j e c t s  o r  because they  o f f s e t  roads. A  few o f  t h e  lands1 i d e s  
were i d e n t i f i e d  d u r i n g  p rev ious  s t u d i e s  (Coleman, 1973; Nolan and o the rs ,  
1976). A l though some o f  t h e  f e a t u r e s  shown i n  F i g u r e  2 c o u l d  be seen on 
a e r i a l  photographs o r  d u r i n g  l o w - a l t i t u d e  a e r i a l  reconnaissance, most were n o t  
i d e n t i f i a b l e  due t o  t h e  presence of t r ees .  A d d i t i o n a l  f e a t u r e s  p robab l y  e x i s t  
i n  non-roaded p o r t i o n s  o f  t h e  s tudy  area which have n o t  y e t  been mapped. 

Morphology 

The d i s c r e t e  b l o c k  s l i d e s  i n v e s t i g a t e d  range i n  s i z e  f rom 0.5 t o  2.0 hec ta res  
(F ig .  3 ) .  Widths o f  t he  l a n d s l i d e s  va ry  f rom 35 t o  60 meters w h i l e  ,s lope 
l eng ths  v a r y  f rom 100 t o  275 meters.  Main scarp  h e i g h t s  va ry  f rom 1 t o  5 
meters.  T y p i c a l l y ,  l a t e r a l  scarps a re  n e a r l y  v e r t i c a l  and range f rom l e s s  
than  1 meter  t o  over  3 meters i n  he igh t .  G u l l i e s  o f t e n  form a t  one o r  b o t h  
l a t e r a l  scarps. Some o f  t he  l a n d s l i d e s  a r e  f l a n k e d  by l e s s  s teep,  vegetated,  
o l d e r  l a t e r a l  scarps which va ry  f rom one meter  t o  ove r  10 meters h i gh .  Ground 
su r f ace  i n c l i n a t i o n  on t he  l a n d s l i d e s  i s  commonly between 15 and 30 degrees. 

The d i s c r e t e  b l o c k  s l i d e s  c o n s i s t  of one o r  more coheren t  b l ocks  separated by 
minor  scarps (F ig .  3 ) .  There i s  a  tendency f o r  those b l o c k s  f a r t h e s t  
downslope t o  be more d i s r u p t e d  and e x h i b i t  c h a r a c t e r i s t i c s  i n d i c a t i v e  of  
i n t e r n a l  deformat ion.  Two o f  t h e  b l ock  s l i d e s  s t u d i e d  a r e  h i g h l y  d i s r u p t e d  
and show ev idence o f  a  l a r g e  component o f  f l o w  i n  t h e i r  movement. Accord ing  
t o  Varnes (1978),  these complex s l ope  movements, which appear t o  have a  l a r g e  
component o f  f l ow ,  should be termed b l o c k  s l i d e  - e a r t h  f lows.  However, f o r  
s i m p l i c i t y ,  a l l  o f  t h e  l a n d s l i d e s  shown i n  F i g u r e  2 a r e  r e f e r r e d  t o  as bl'gck 
s l  i des  . 
The l a r g e r ,  l e s s  d i s c r e t e  b l o c k  s l i d e s  i n v o l v e  up t o  40 hec ta res  o f  h i l l s l o p e  
and a re  n o t  bounded by w e l l - d e f i n e d  l a t e r a l  scarps. Ground s u r f a c e  
i n c l i n a t i o n  i s  more v a r i a b l e ,  r ang ing  f r om 5  t o  40 degrees. A l though 
sometimes p resen t ,  d i s c r e t e  b l ocks  a r e  n o t  as common as on t h e  s m a l l e r  
features.  

A l l  of t h e  b l o c k  s l i d e s  a re  f o res ted .  Those wh ich  a r e  i n  an o ld -g rowth  
redwood - D o u g l a s - f i r  f o r e s t  have fewer s tand ing  t r e e s  and more r o t t e n  down- 
t imbe r  on t h e i r  lower  p o r t i o n s  than  on t h e i r  upper p o r t i o n s .  I n d i v i d u a l  
b l ocks  can o f t e n  be recognized by d i f f e r e n c e s  i n  t h e  c o n c e n t r a t i o n  of  s t a n d i n g  



F i g u r e  2. Genera l ized geo log ic  map o f  t h e  l owe r  Redwood Creek b a s i n  
( a f t e r  Harden and o thers ,  1981) showing known l o c a t i o n  o f  b l o c k  s l i d e s .  
S t i p p l e d  p a t t e r n  shows those areas which have been f i e l d  mapped a t  a  
s c a l e  of  1:1200. Numbered f e a t u r e s  a r e  those  r e f e r r e d  t o  i n  t e x t  and 
Table 1: 1)  Upper G- l ine  S l i de ;  2 )  Lower G - l i n e  S l i de ;  3 )  Switchback 
S l i d e ;  and 4 )  Elbow S l i d e .  I n c l i n o m e t e r s  shown a r e  desc r i bed  by 
Swanston and o t h e r s  (1983). 
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F i g u r e  3. Schematic diagram showing s a l i e n t  f ea tu res  of a t y p i c a l  
d i s c r e t e  b l o c k  s l i d e .  



t r e e s  o r  r o t t e n  f a1  l e n  t r ees .  E v i d e n t l y ,  l a n d s l  i d e  movement i n i t i a t e s  low on 
t h e  h i l l s l o p e  and progresses ups lope i n  b l o c k - l i k e  f a s h i o n  w i t h  t ime. On a t  
l e a s t  one of  t h e  f ea tu res ,  p rog ress i ve  s l ope  f a i l u r e  i s  expanding a l o n g  
l a t e r a l  marg ins as w e l l  as upslope. 

Where f a l l e n  t imbe r  has been i n t r o d u c e d  i n t o  a  s t ream channel by  b l o c k  
s l i d i n g ,  i t  may be t r a n s p o r t e d  away, as i s  t h e  case w i t h  Redwood Creek 's  main 
channel .  I t  may a l s o  r e s u l t  i n  d e b r i s  jam fo rma t i on  i f  t h e  stream power o r  
channel w i d t h  a re  i n s u f f i c i e n t  t o  a l l o w  t r a n s p o r t  o f  t h i s  ve r y  l a r g e  o r g a n i c  
d e b r i s .  Only one o f  t h e  s t u d i e d  b l o c k  s l i d e s  has dammed a  s t ream channel .  
P a r t i c l e  s i z e  analyses o f  s o i l  and r e g o l i t h  samples suggest  t h a t  about  40 
percen t  o f  t h e  sediment i n t r oduced  i n t o  streams by b l o c k  s l i d e s  becomes 
bedload m a t e r i a l  ( > 2  mm d iamete r ) .  

L i t h o l o g i c  M a t e r i a l s  

Common t o  n e a r l y  a l l  b l ock  s l i d e s  i s  a  h i g h l y  sheared, b l a c k ,  
a l b i t e - m u s c o v i t e - c h l o r i t e - q u a r t z  s c h i s t  w i t h  abundant carbonaceous m a t e r i a l .  
More coherent ,  unsheared exposures o f  b l a c k  s c h i s t  a r e  a l s o  common. T h i s  
s c h i s t  i s  a  metamorphosed a r g i l l a c e o u s  rock .  A1 though t h i s  m a t e r i a l  v i s u a l l y  
and t a c t u a l  l y  resembles a  g r a p h i t e  s c h i s t ,  x - r a y  d i f f r a c t i o n  o f  s i x  samples 
from d i f f e r e n t  l o c a t i o n s  showed no g r a p h i t e  t o  be p resen t .  S i m i l a r l y ,  
Lea thers  (1978) d i d  n o t  f i n d  g r a p h i t e  i n  any samples c o l l e c t e d  f r om t h e  S c h i s t  
o f  Redwood Creek exposed a long  t he  P a c i f i c  coas t  between B i g  Lagoon and t h e  
mouth o f  Redwood Creek ( F i g .  2 ) .  O v e r l y i n g  t h e  sheared b l a c k  s c h i s t  i s  
browni sh-gray reg01 i t h  con ta in ing  abundant subangular c l a s t s  o f  a 1 i gh t -g ray  
a1 b i te -muscov i  t e - c h l o r i  t e -qua r t z  s c h i s t .  Lenses o f  t h e  sheared b l a c k  s c h i s t  
a r e  a l s o  p resen t  i n  t h i s  m a t e r i a l ,  p a r t i c u l a r l y  near  t h e  basal  con tac t .  On 
t h e  Switchback S l i d e  (Table  1, F ig .  l ) ,  b lack  s c h i s t  m a t e r i a l  was n o t  exposed 
a t  t h e  ground su r f ace  b u t  was d iscovered  d u r i n g  d r i l l i n g .  The a s s o c i a t i o n  o f  
mass movement w i t h  sheared b l ack  s c h i s t  i s  u n c e r t a i n  on a  few o f  t h e  b l o c k  
s l i d e s  due t o  t h e  absence o f  su r f ace  exposures and l a c k  o f  subsur face d r i l l i n g  
o r  t r ench ing .  

F a i l u r e  Depths 

Excess ive e p i s o d i c  movement, l i m i t e d  funds,  and poor  a c c e s s i b i l i t y  t o  most of 
t h e  b l o c k  s l i d e s  p r o h i b i t s  t he  use o f  conven t i ona l  i n c l i n o m e t e r s  t o  de te rmine  
depths and s t y l e s  o f  l ands l  i d e  movement. A1 t e r n a t e l y ,  d e p t h - o f - f a i l  u r e  (DOF) 
i n d i c a t o r s ' w e r e  i n s t a l l e d  w i t h  a  p o r t a b l e  d r i l l  r i g .  A DOF i n d i c a t o r  ( F i g .  4) 
c o n s i s t s  o f  a  2.4 cm d iameter  PVC cas i ng  i n s t a l l e d  t o  a  dep th  o f  seven t o  n i n e  
meters  ( t h e  maximum depth a t t a i n a b l e  w i t h  t h e  d r i l l  r i g ) .  A 20 cm l e n g t h  of 
s t e e l  r o d  a t tached  t o  a  s t a i n l e s s  s t e e l  cab le  i s  lowered i n t o  t h e  bo t tom of 
t h e  ho le .  A s i m i l a r  s i z e  rod,  a t t ached  t o  a  measur ing tape,  i s  lowered f rom 
t h e  t o p  o f  t h e  cas ing  d u r i n g  p e r i o d i c  f i e l d  i n s p e c t i o n s .  If t h e  bo t tom o f  t h e  
cas ing  i s  below t h e  f a i l u r e  su r f ace  and t h e r e  has been s u f f i c i e n t  movement and 
d i s t o r t i o n  of t h e  cas ing  t o  i n h i b i t  passage o f  t h e  s t e e l  rods ,  t h e  depths ove r  
which movement has occur red  can be app rox ima te l y  determined ( F i g .  4 ) .  The 
accuracy o f  de te rm in i ng  f a i l u r e  zone th icknesses  w i t h  DOF i n d i c a t o r s  i s  
dependent upon t h e  amount o f  movement which has occu r red  between i n s t a l l a t i o n  
and measurement, and dimensions ( l e n g t h  and d i ame te r )  of t h e  s t e e l  rod .  The 
h o r i z o n t a l  d i s t a n c e  o f  movement which d i s p l a c e d  t h e  cased d r i l l  ho l es  was n o t  
determined f o r  t h i s  study. 



S t a i n l e s s  S t e e l  C a b l e  

A B C 

F i g u r e  4. Schematic diagram showing d e p t h - o f - f a i  1  u r e  ' ( D 0 F ) i n d i c a t o r  
(A)  be fo re  and ( B  o r  C )  a f t e r  movement. 

Two DOF i n d i c a t o r s  were i n s t a l l e d  a t  separa te  l o c a t i o n s  on t h e  
Switchback and Lower G - l i n e  S l i d e s  ( f e a t u r e s  3 and 2, r e s p e c t i v e l y ,  
F i g .  2 )  i n  December, 1983. On t h e  Upper G - l i n e  S l i d e  ( f e a t u r e  1, F ig .  
2 ) ,  two separa te  p a i r s  o f  DOF i n d i c a t o r s  were i n s t a l  l e d  i n  November, 
1983. One DOF i n d i c a t o r  was d i s p l a c e d  on t h e  Swi tchback S l i d e  and b o t h  
p a i r s  were d i s p l a c e d  on t h e  Upper G-1 i n e  S l i d e  d u r i n g  t h e  . 1983-84 
w i n t e r  (Table  1 ) .  A t  one o f  t h e  l o c a t i o n s  on t h e  Upper G - l i n e  S l i d e ,  
t h e  cas ings  p inched  d u r i n g  a  two-week p e r i o d  between when t h e  h o l e  was 
d r i l l e d  and when a  r o d  was lowered i n t o  them; p r e c l u d i n g  an e s t i m a t e  o f  
t h e  f a i l u r e  zone t h i ckness .  The second (uppe r )  p a i r  o f  DOF i n d i c a t o r s  
on t h e  Upper G - l i n e  S l i d e  showed i n c o n s i s t e n t  r e s u l t s .  A l t hough  t h e  
l owe r  c o n s t r i c t i o n s  i n  these  two ad jacen t  d r i  11 ho les  occu r red  a t  
i d e n t i c a l  depths,  t h e  upper c o n s t r i c t i o n s  d i f f e r e d  i n  e l e v a t i o n  by 1.4 m, 
sugges t ing  a  w ide r  zone o f  shear o r  m u l t i p l e  f a i l u r e  su r f aces .  These two 
upper  G - l i n e  DOF i n d i c a t o r s  have s i n c e  been o b l  i t e r a t e d  by  r e h a b i  1  i t a t i o n  of 
t h e  G - l i n e  road. The one DOF i n d i c a t o r  which was d i s p l a c e d  on t h e  Swi tchback 
S l i d e  suggested a  narrow zone o f  shear.  The rema in i ng  DOF i n d i c a t o r  on t h e  
Switchback S l i d e  and t h e  two on t h e  Lower G - l i n e  S l i d e  were n o t  o f f s e t  enough 
t o  c o n s t r i c t  t h e  cas ing.  

B lack  s c h i s t  m a t e r i a l  was observed i n  t h e  d r i l l i n g  e f f l u e n t  d u r i n g  
i n s t a l l a t i o n  o f  seven o f  t h e  e i g h t  DOF i n d i c a t o r s ,  however, i t  was i m p o s s i b l e  
t o  t e l l  i f  t h e  s c h i s t  bedrock was coherent  o r  sheared. Table  1 l i s t s  t h e  
depths a t  which t h e  marked c o l o r  change f rom brown t o  b l a c k  was observed i n  
t h e  d r i l l i n g  e f f l u e n t .  A t  two o f  t h e  t h r e e  l o c a t i o n s  w i t h  d i s p l a c e d  



Distance f r o m  Ground Surf ace to :  

Feature Depth-of-Fai lure Upper Lower Distance Between Depth t o  
Number Name l nd ica to r  C o n s t r i c t i o n  Cons t r i c t i on  Cons t r i c t i ons  Black Sch is t  

1 Upper C-l ine S l i d e  UCU20 

1 Upper C-l ine S l  i d e  UCU25 

1 Upper C-l ine S l  i d e  UCL20 

1 Upper C-1 ine S 1  i de UCL25 

2 Lower C- l ine S l i d e  LC I D25 - - 
2 Lower G-l ine S l  i d e  LGDF25 - - 

3 Switchback S l  i d e  

3 Switchback S l  i d e  

Table 1. Summary r e s u l t s  f r o m  dep th -o f - fa i l u re  (DOF) i n d i c a t o r s .  DOF i n d i c a t o r s  UGU 20 and UGU 25 were 
i n s t a l l e d  a t  s i m i l a r  e l e v a t i o n s  approximately 7 meters  apart .  UGL 20 and UGL 25 were i n s t a l l e d  4 meters 
a p a r t  a t  s i m i l a r  e l eva t i ons .  A l l  DOF i n d i c a t o r s  ranged from 7 t o  8 meters  deep. 



DOF i n d i c a t o r s ,  d isp lacement  was near  t h e  upper boundary o f  t h e  b l a c k  s c h i s t .  
Displacement a t  t h e  t h i r d  l o c a l i t y  occu r red  w i t h i n  t h e  b l a c k  m a t e r i a l .  

Movement 

Sur face  movement i s  be ing  mon i to red  on p o r t i o n s  o f  t h r e e  b l o c k  s l i d e s  by 
s t a k e l i n e  surveys o r  c o n t i n u o u s l y  r e c o r d i n g  slope-movement i n d i c a t o r s .  The 
Upper G - l i n e  S l i d e  and Elbow S l i d e  (Fea tu res  1 and, 4, F i g .  2 )  have 
c o n t i n u o u s l y  r e c o r d i n g  slope-movement i n d i c a t o r s  ac ross  a  l a t e r a l  s ca rp  ( F i g .  
5 ) .  One movement i n d i c a t o r  u t i l i z e s  a  s o l  i d  s t a t e  da ta  r e c o r d e r  and t h e  o t h e r  
records movement on a s t r ip  chart, The solid s ta te  data recorder on the Elbow 
S l i d e  i s  s e t  t o  r e c o r d  a  minimum o f  7.5 mm o f  movement and t h e  s t r i p  c h a r t  
r eco rde r  (on t h e  Upper G - l i ne  S l i d e )  i s  s e n s i t i v e  t o  app rox ima te l y  4 mm o f  
movement. S ince m o n i t o r i n g  o f  Elbow S l i d e  began i n  December, 1984, no 
movement has been recorded.  However, a  t o t a l  o f  45 mm o f  movement on t h e  
Upper G - l i n e  S l i d e  was recorded d u r i n g  seven separa te  t i m e  p e r i o d s  between 
February  1984, and March 1985. A l l  recorded  movement occu r red  i n  response t o  
i n d i v i d u a l  storms o r  s torm sequences. 

P u l l e y  
STABLE GROUND 

c o u n t e r  

C a b l e  Drum 

A- 
p o t e n t i o m e t e r  

BLOC 

/ 
S o l i d  S t a t e  

Anchor  
w D a t a  R e c o r d e r  - 

F i g u r e  5. Diagram showing s lope-movement- ind icator  
i n s t a l l a t i o n  on t h e  Elbow S l i d e  ( f e a t u r e  4, F i g .  2 ) .  
On t h e  Upper G - l i n e  S l i d e  ( f e a t u r e  1) a  s t r i p  c h a r t  
r e c o r d e r  rep laces  t he  po ten t i ome te r  and d a t a  r eco rde r .  



A  s t a k e l i n e  was i n s t a l l e d  and measured w i t h  a  t h e o d o l i t e  and e l e c t r o n i c  
d i s t a n c e  meter  on t h e  Elbow and Switchback S l i d e s  i n  f a l l  1984, b u t  n e i t h e r  
have been remeasured y e t .  The s t a k e l i n e  across t h e  E l  bow S l i d e  i s  l o c a t e d  i n  
t h e  same area as a  s t a k e l i n e  i n s t a l l e d  by t h e  USGS i n  1974 (Harden and o t h e r s ,  
1978). They r e p o r t e d  a  maximum o f  1.09 m o f  movement on t h e  h o r i z o n t a l  a x i s  
o c c u r r i n g  between 1974 and 1976. Between 1976 and 1979, surveys showed an 
a d d i t i o n a l  0.55 m  o f  movement (M. Nolan, w r i t t e n  communication 1985). Our 
r esu rvey  o f  t h e  same s t a k e l i n e  i n  December 1984 i n d i c a t e s .  t h a t  a t  l e a s t  6.7 m  
o f  a d d i t i o n a l  movement has occur red  on t h e  most a c t i v e  p o r t i o n  o f  t h e  
s t a k e l i n e  s i n c e  1979. 

Other  i n f o r m a t i o n  concern ing  t h e  t i m i n g  and magnitude o f  movement f o r  
b l o c k  s l i d e s  i s  q u a l i t a t i v e ,  c o n s i s t i n g  o f  f i e l d  obse rva t i ons  by N a t i o n a l  Park  
Se rv i ce  g e o l o g i s t s .  Th i s  i n f o r m a t i o n  i n d i c a t e s  t h a t  most movement occurs  i n  
d i r e c t  response t o  pro1 onged, i n t e n s e  p r e c i p i t a t i o n  even ts  o r  sequences of  
events .  Movement o f  a  ve ry  a c t i v e ,  h i g h l y  d i s r u p t e d  b l o c k  s l i d e  was v e r y  
respons ive  t o  r a i n f a l l  d u r i n g  w i n t e r  and s p r i n g  1983. Over seven meters  o f  
e p i s o d i c  movement occur red  between l a t e  January and e a r l y  A p r i  1  1983 ( S p r e i  t e r  
and Johnson, 1983). No movement has been observed on any o f  t h e  b l o c k  s l i d e s  
d u r i n g  t h e  summer. 

DISCUSSION 

Con t ro l s  --- on B lock  S l i d e  D i s t r i b u t i o n  and Depths - o f  Movement 

A l though o u r  i n v e s t i g a t i o n  o f  b l o c k  s l i d e s  i s  a t  an e a r l y  s tage,  some 
p r e l i m i n a r y  genera l  i z a t i o n s  can be made concern ing  c o n t r o l s  on t h e i r  movement 
c h a r a c t e r i s t i c s  and s p a t i a l  d i s t r i b u t i o n .  The most common c h a r a c t e r i s t i c  of 
these f e a t u r e s  i s  t h e  a s s o c i a t i o n  w i t h  sheared b l a c k  s c h i s t .  On two b l o c k  
s l i d e s  movement was de tec ted  near  t h e  boundary between t h e  b l a c k  s c h i s t  and 
t h e  o v e r l y i n g  r e g o l i t h  w i t h  DOF i n d i c a t o r s  (Tab le  1 ) .  On a  t h i r d  b l o c k  s l i d e ,  
t h e  E l  bow S l  i de ,  f i e l d  observa t ions  i n d i c a t e  t h a t  movement i s  a1 so o c c u r r i n g  
near  o r  a t  t h i s  d i s c o n t i n u i t y  i n  m a t e r i a l  types.  F i e l d  obse rva t i ons  suggest  
t h a t  cohes ion i s  g r e a t e r  and p e r m e a b i l i t y  i s  l e s s  f o r  t h e  sheared b l a c k  s c h i s t  
than  i n  t h e  o v e r l y i n g  r e g o l  i t h .  Presumably, t h e  1  ower permeabi 1  i ty impedes 
d ra inage  i n t o  t h e  sheared b l ack  s c h i s t ,  pe r ch ing  groundwater above it. The 
g r e a t e r  cohes ion o f  t h e  sheared b l a c k  s c h i s t  encourages f a i  l u r e  su r face  
development a t  t h i s  con tac t .  S i m i l a r  d i s c o n t i n u i t i e s  i n  m a t e r i a l  p r o p e r t i e s  
occur  a t  t h e  boundary between coherent  s c h i s t  bedrock and o v e r l y i n g  r e g o l  i t h  
on a t  l e a s t  one b l o c k  s l i d e  where sheared b l a c k  s c h i s t  was n o t  found. 

Most o f  t h e  b l o c k  s l i d e s  i d e n t i f i e d  occur  i n  an e longa te  zone ex tend ing  from 
D e v i l s  Creek t o  Tom McDonald Creek ( F i g .  2 ) .  W i t h i n  t h i s  zone, obse rva t i ons  
i n d i c a t e  t h a t  sheared and unsheared b l a c k  s c h i s t  comprises a  g r e a t e r  
p r o p o r t i o n  of t h e  exposed bedrock than  i n  s c h i s t  t e r r a n e  e lsewhere i n  t h e  
park .  Th i s  e l onga te  zone (F i g .  2)  i s  immed ia te ly  t o  t h e  west  o f  t h e  "B r i dge  
Creek 1  ineament", d e f i n e d  by Harden and o t h e r s  (1981) t o  c o i n c i d e  w i t h  a1 i gned  
segments o f  Panther ,  D e v i l s ,  B r idge  and Tom McDonald Creeks. The l i neamen t  
may be p a r t i a l l y  c o n t r o l l e d  by t h i s  c o n c e n t r a t i o n  o f  h i g h l y  sheared, e a s i l y  
eroded m a t e r i a l .  Fu tu re  g e o l o g i c  mapping may show t h i s  b l a c k  s c h i s t  t o  be a 
d i s t i n c t  member o f  t h e  S c h i s t  o f  Redwood Creek. 



Comparison w i t h  Other  Lands l ides  -- 
Swanston and o the rs  (1983) measured d isp lacement  a l ong  nar row shear  zones a t  
5.5, 6.4 and 12.6 mete r  depths a t  t h r e e  i n c l i n o m e t e r s  l o c a t e d  i n  s c h i s t  
t e r r a n e  w i t h i n  Redwood Na t i ona l  Park ( F i g .  2 ) .  The two i n c l i n o m e t e r s  which 
sheared a t  sha1,lower depths a r e  10 m a p a r t  w h i l e  t h e  t h i r d  . i n c l i n o m e t e r  i s  
400 m  t o  t h e  south.  The maximum movement t h e y  observed ove r  a  s i x - y e a r  p e r i o d  
was sma l l  (16.4 mmlyear). , T h e i r  m o n i t o r i n g  s i t e s  d i d  n o t  d i s p l a y  scarps o r  
o t h e r  morpholog ic  f e a t u r e s  t y p i c a l  o f  lands1 i des ,  sugges t i ng  t h a t  t h e  observed 
movement was o f  a  more widespread, uncon f ined  na tu re .  We have observed much 
more r a p i d  r a t e s  o f  movement (up t o  7 m/year)  o c c u r r i n g  on b l o c k  s l i d e s  a t  
depths comparable t o  one o f  t h e  l o c a t i o n s  mon i to red  by Swanston and o the rs  
(1983).  Perhaps t h e  process i s  s i m i l a r  excep t  t h a t  on b l o c k  s l i d e s  t h e  b l ocks  
have detached from t h e  h i l l s l o p e  and movement has a c c e l e r a t e d  s u b s t a n t i a l l y .  

Large grass land-covered e a r t h  f l ows  a r e  a  common t y p e  o f  mass-movement 
o c c u r r i n g  i n  F ranc iscan  sedimentary  t e r r a n e  i n  t h e  Redwood Creek b a s i n  and 
elsewhere th roughou t  nor thwes t  Cal i f o r n i a  (Nolan and o t h e r s ,  1976; Kel  sey, 
1978; Kee fe r  and Johnson, 1983; I ve r son ,  1984).  C h a r a c t e r i s t i c s  o f  
b l ock  s l i d e s  which a r e  a l s o  common t o  many e a r t h  f low's i n c l u d e :  1) a  
p redomina te ly  t r a n s l a t i o n a l  s t y l e  o f  movement, 2 )  annual movement r a t e s  l e s s  
than  10 mlyear ,  3 )  a s s o c i a t i o n  w i t h  h i g h l y  sheared a r g i l l a c e o u s  r o c k  t ypes  
( t h e  b l a c k  s c h i s t  i s  metamorphosed mudstone), and 4 )  basa l  f a i l u r e  su r f aces  a t  
app rox ima te l y  f i v e  meter  depths.  

D i s s i m i l a r i t i e s  between e a r t h  f l ows  and b l o c k  s l i d e s  a l s o  e x i s t ,  and these  a r e  
perhaps more i m p o r t a n t  than t h e i r  comparable c h a r a c t e r i s t i c s .  F i r s t ,  f a i l u r e  
su r faces  on b l o c k  s l i d e s  occur ,  a t  l e a s t  l o c a l l y ,  a t  l i t h o l o g i c  boundar ies 
( reg01 i t h l s h e a r e d  b l a c k  s c h i s t )  whereas s t u d i e s  o f  e a r t h  f l o w s  have n o t  
i d e n t i f i e d  l i t h o l o g i c  con tac t s  a t  basa l  shear  zones (Kee fe r  and Johnson, 1983; 
I ve r son ,  1984).  Secondly, movement o f  b l o c k  s l i d e s  i s  e p i s o d i c  and appears t o  
be u n i q u e l y  assoc ia ted  w i t h  r a i n f a l l  even ts  whereas movement o f  some 
e a r t h  f l o w s  may p e r s i s t  f rom l a t e  f a l l  t o  l a t e  s p r i n g  and, i n  some i ns tances ,  
th roughou t  summer ( I v e r s o n ,  1984). T h i r d l y ,  a l t hough  some e a r t h  f lows a re  
comparable i n  s i z e  t o  b l o c k  s l i d e s ,  many e a r t h  f l o w s  a r e  much l a r g e r ,  
ex tend ing  f r om ma jo r  dra inage d i v i d e s  t o  t h e  v a l l e y  bottom. E a r t h  f l o w s  a l s o  
commonly d i s p l a y  more s u r f i c i a l  evidence o f  s lumping o r  i n t e r n a l  de fo rma t i on ,  
F i n a l l y ,  most b l o c k  s l  i des  l a c k  t he  c l a s s i c  " t e a r d r o p "  p l a n i m e t r i c  shape and 
s igmo ida l  p r o f i l e  c h a r a c t e r i s t i c  o f  many e a r t h  f l o w s .  

Con t ras ts  between movement o f  b l o c k  s l i d e s  and e a r t h  f l o w s  may be e x p l a i n e d  by 
d i f f e rences  i n  c l a y  con ten t  o f  m a t e r i a l s  compr is ing  t h e  two t ypes  o f  f a i l u r e s .  
P a r t i c l e  s i z e  analyses i n d i c a t e  t h a t  b l o c k  s l i d e s  have an average o f  14 
pe rcen t  c l a y  i n  t h e  <2 mm f r a c t i o n  (Sonnev i l ,  unpub l i shed  d a t a ) ;  about  h a l f  
t h e  c l a y  c o n t e n t  o f  m a t e r i a l  compr is ing  some e a r t h  f l o w s  on sed imenta ry  
t e r r a n e  i n  t h e  Redwood Creek b a s i n  ( I v e r s o n ,  1984; J. Popenoe, persona l  
communication, 1985). A h i g h e r  c l a y  c o n t e n t  and a s s o c i a t e d  1  ower permeabi 1 i ty  
may i n c r e a s e  r e t e n t i o n  o f  wa te r  and p r o l o n g  t h e  d u r a t i o n  o f  movement. 

W i t h i n  s c h i s t  t e r r a n e  i n  t h e  Redwood Creek bas in ,  t h e r e  a r e  a  l a r g e  number o f  
" t rough-shaped" f i  r s t - o r d e r  dra inages r a n g i n g  i n  a rea  f r om a  few hec ta res  t o  
ove r  a  square k i l o m e t e r .  These have t h e  appearance o f  hav ing  been formed b y  



mass-movement r a t h e r  than f l u v i a l  processes. Nolan and o the rs  (1976) 
i d e n t i f i e d  some o f  these f ea tu res  and many more have been l o c a t e d  by N a t i o n a l  
Park Serv ice  s t a f f  d u r i n g  d e t a i l e d  geomorphic mapping. S i g n i f i c a n t l y ,  most of 
t h e  b l o c k  s l i d e s  we have found i n c o r p o r a t e  o r  o r i g i n a t e  i n  these f i r s t - o r d e r  
d ra inage  bas ins,  suggest ing t h a t  t h i s  process may rep resen t  an i m p o r t a n t  
mechanism f o r  s c u l p t i n g  morpho log i ca l l y  s i m i l a r  dra inages common th roughout  
t h e  s c h i s t  t e r r a n e  o f  Redwood Creek. 

L i t h o l o g i c  u n i t s  s i m i l a r  t o  t h e  S c h i s t  o f  Redwood Creek occur  elsewhere. 
Kelsey and Hagans (1982) have c o r r e l a t e d  t h e  S c h i s t  o f  Redwood Creek w i t h  t h e  
South Fork Mountain S c h i s t  i n  nor thwes t  C a l i f o r n i a  which, i n  t u r n ,  i s  
1  i tho1 o g i c a l  l y  s im i  1  a r  t o  t he  Col ebrooke S c h i s t  i n  southwest Oregon (Coleman, 
1972) ( F i g .  6) .  L i t e r a t u r e  concern ing s t y l e s  o f  l a n d s l i d i n g  on these  
1  i t h o l o g i c  u n i t s  i s  sparse. Buer and James (1976) d iscuss  l a n d s l i d e s  w i t h i n  
t h e  eas te rn  h a l f  o f  t he  South Fork Mountain S c h i s t  which have s i m i l a r i t i e s  
t o  t h e  b l o c k  s l  i des .  D. Haskins (persona l  communication, 1985) suggested t h a t  
t h e  b l ock  s l i d e s  i n  Redwood Creek may be analagous t o  some a c t i v e  s u b s i d i a r y  
l a n d s l i d e s  assoc ia ted  w i t h  a n c i e n t  translational/rotational l a n d s l i d e s  i n  
s c h i s t  on t h e  eas t  s i d e  o f  South Fork Mountain.  Lands l ides  o c c u r r i n g  on t h e  
western s lopes o f  South Fork Mountain, p a r t i c u l a r l y  those  u n d e r l a i n  by 
metamorphosed a r g i l  laceous rocks,  may a1 so be b l ock  s l  i d e s  (R. F a r r i n g t o n ,  
personal  communication, 1985). 

SUMMARY AND CONCLUSIONS 

Slow moving, deep-seated l a n d s l i d e s  on s c h i s t  t e r r a n e  i n  t h e  Redwood Creek 
b a s i n  a r e  more common than i s  ev i den t  f rom a e r i a l  photographs. D e t a i l e d  
geomorphi c  mapping w i t h i n  t h e  1  ower Redwood Creek b a s i n  has d e l  i neated 
33 a c t i v e  b l o c k  s l i d e s  o v e r l y i n g  s c h i s t  bedrock. C h a r a c t e r i s t i c s  common t o  
i n v e n t o r i e d  features i nc l ude :  1 )  p redomina te ly  t r ans1  a t i o n a l  movement, 2)  
a r e a l  e x t e n t  v a r y i n g  f rom 0.4 t o  2.0 hec ta res ,  b u t  o c c a s i o n a l l y  r ang ing  up t o  
40 hectares,  3)  ep i sod i c ,  storm-dependent movement w i t h  observed t o t a l  annual 
d isp lacement  up t o  seven meters,  4)  observed depths t o  f a i l u r e  sur faces 
rang ing  between 3.4 and 6.9 meters,  and 5 )  a s s o c i a t i o n  w i t h  a  h i g h l y  sheared 
b l a c k  s c h i s t ,  which i s  metamorphosed a r g i l l a c e o u s  rock .  

B lock s l i d e s  d i f f e r  f rom e a r t h  f lows which a r e  common on Franc iscan  
sedimentary t e r r a n e  i n  nor thwest  C a l i f o r n i a .  B lock s l i d e s  a r e  s m a l l e r  than  
most e a r t h  f l ows  and l a c k  t h e  " t ea rd rop "  p l a n i m e t r i c  shape and s igmo ida l  
p r o f i l e  c h a r a c t e r i s t i c  t o  many e a r t h  f l ows .  Depths t o  f a i l u r e  su r f aces  on 
b l ock  s l i d e s  can be l i t h o l o g i c a l l y  c o n t r o l l e d ,  b u t  s t u d i e s  o f  e a r t h  f l o w s  have 
n o t  demonstrated c o n t r o l s  on f a i l u r e  su r f ace  l o c a t i o n s .  Mon i t o red  b l o c k - s l  i d e  
movement i s  more e p i s o d i c  than movement on mon i to red  e a r t h  f l ows .  Movement 
d i f fe rences  may r e s u l t  f rom t h e  amount of  c l a y  i n  m a t e r i a l s  which compr ise 
these two l a n d s l i d e  types.  

The number and d i s t r i b u t i o n  o f  b l o c k  s l i d e s  i n  t h e  lower  t h i r d  o f  t h e  Redwood 
Creek b a s i n  suggests t h a t  a d d i t i o n a l  f e a t u r e s  e x i s t  upstream o f  Redwood 
Na t i ona l  Park, p a r t i c u l a r l y  a long  t h e  B r i dge  Creek l i neament  o r  o t h e r  
l o c a t i o n s  where sheared b lack  s c h i s t  i s  abundant. B lock  s l i d e s  may be a  
common form of mass-movement o u t s i d e  o f  t he  Redwood Creek b a s i n  i n  t e r r a n e  
u n d e r l a i n  by l i t h o l o g i c  u n i t s  s i m i l a r  t o  t h e  S c h i s t  o f  Redwood Creek ( f o r  
example, t h e  South Fork Mountain S c h i s t  i n  nor thwes t  C a l i f o r n i a  and t h e  



F i g u r e  6. Map showing t h e  d i s t r i b u t i o n  o f  t h e  S c h i s t  of 
Redwood Creek, t h e  South Fork Mountain S c h i s t  (Ke lsey  and 
Hagans, 1982) and t h e  Colebrooke S c h i s t  (Coleman, 1972). 



Col ebrooke S c h i s t  i n  southwest Oregon). Because t h e i r  movement occurs  i n  
smal l  increments,  b l o c k  s l  i des  w i  11 n o t  be ma jo r  c a t a s t r o p h i c  sediment sources 
b u t ,  i n s tead ,  r ep resen t  a  more p e r s i s t e n t ,  l ong- te rm e r o s i o n  process.  
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QUATERNARY TECTONICS NORTH OF THE MENDOCINO TRIPLE JUNCTION 
THE MAD RIVER FAULT ZONE 

Gary A. Carver, Department o f  Geology and T e l o n i c h e r  Marine Labora to ry ,  
Humboldt S ta te  U n i v e r s i t y ,  Arcata,  C a l i f o r n i a  

I n t r o d u c t i o n  

Coasta l  C a l i f o r n i a  n o r t h  of Cape Mendocino has been t h e  locus  of s t r o n g  ' 

c r u s t a l  compression du r i ng  the  Quate rnary .  Large nor thwes t  t r e n d i n g  f o l d s  
and para1 l e l  no r t heas t  d i pp ing  t h r u s t  and reve rse  f a u l t s  have deformed 
P le i s t ocene  depos i t s  and i n f l u e n c e d  landforms th roughou t  t h e  r e g i o n  (Ogle, 
1952, Woodward-Clyde Consul tants ,  1980, Carver e t  a l . ,  1982). A t  t h e  coast ,  
l o c a l i z e d  u p l i f t  and subsidence assoc ia ted  w i t h  these s t r u c t u r e s  i s  
expressed as a1 t e r n a t i  ng reaches of emergent and submergent shore1 i ne. 
Up1 i f t e d  t h r u s t  b l ocks  and 1  arge a n t i  c l  i ne c r e s t s  f o rm  head1 ands s c u l p t e d  by 
f l i g h t s  o f  r a i s e d  g l  a c i o - e u s t a t i c  mar ine  t e r races ,  w h i l e  down-f a u l t e d  b l o c k s  
and sync1 i na l  t roughs  are occupied by lagoons, bays, and es tua ry -de l  t a  
complexes. Steep y o u t h f u l  mountai ns, v igo rous  s l ope  processes, deep ly  
i n c i s e d  r i v e r  va l l eys ,  and h i g h  f l u v i a l  sediment y i e l d s  r e f l e c t  the  a c t i v e  
t e c t o n i c s  o f  t h e  nor thcoas t  reg ion.  

Regional  Tec ton i c  S e t t i n g  

A l though cons ide rab le  i n f o rma t i on  concern ing t e c t o n i c s  o f  no r thwes te rn  
C a l i f o r n i a  has been developed i n  t he  pas t  few years ,  a  d e t a i l e d  r e g i o n a l  
t e c t o n i c  model has no t  ye t  emerged. Throughout t h e  l a t e  T e r t i a r y  t h e  n o r t h  
coast  r e g i o n  of C a l i f o r n i a  was s i t u a t e d  a long t h e  F a r a l  l on -Nor th  ~ m e r i c a n  
P l a t e  boundary, a  subduct ion marg in  (Atwater ,  1970). M i g r a t i o n  o f  t h e  
Mendocino T r i p l e  J u n c t i o n  i n t o  t h e  n o r t h  coas t  r e g i o n  occur red  l a r g e l y  
d u r i n g  t h e  Quate rnary .  

The p resen t  t e c t o n i c  s e t t i n g  o f  t h e  n o r t h e r n  C a l i f o r n i a  coas t  i s  
s t r o n g l y  i n f l u e n c e d  by t h e  t r i p l e  j u n c t i o n  and i t s  nor thward  movement. 
Quaternary  s t r u c t u r e s  r e s u l t i n g  f rom t h r u s t  f a u l t i n g  and f o l d i n g  near t h e  
coast  n o r t h  o f  Cape Mendocino g i ve  way t o  h i gh  ang le  s t r i k e  s l i p  f a u l t s  of 
t h e  San Andreas system t o  the  south and east (Herd, 1978, Ke lsey  and 
A 1  lwa rd t ,  1983) ( F i g u r e  1  ). O f f  shore Q u a t e r n a r y  sediments o f  t h e  c o n t i n e n t a l  
s h e l f  and s lope a re  deformed by l a r g e  y o u t h f u l  f o l d s  and f a u l t s  ( F i e l d s  e t  
a l .  1980, S i l v e r ,  1971 ); these s t r u c t u r e s  a re  p robab l y  n o r t h e r n  c o n t i  nu- 
a t i o n s  o f  t he  onshore t h r u s t  f a u l t s  and f o l d s .  Of fshore o f  Oregon, t hese  
s t r u c t u r e s  merge i n t o  t he  Juan de Fuca-Gorda subduc t ion  zone. Both t h e  
t rans fo rm boundary sou th  o f  t he  t r i p l e  j u n c t i o n  and t h e  subduc t ion  ma rg in  t o  
t h e  n o r t h  i n c l u d e  broad complex systems o f  f a u l t s .  The t r a n s i t i o n  f r o m  
t rans fo rm t o  subduc t ion  t ec ton i cs ,  i .e., t h e  t r i p l e  j u n c t i o n ,  encompasses 
an e q u a l l y  b road  and h i g h l y  complex zone o f  t r a n s i t i o n a l  t e c t o n i c s .  



Compressional Tec ton i cs  Nor th  o f  t h e  Mendocino T r i p l e  J u n c t i o n  

A t  l e a s t  a  dozen major Qua te rna ry  t h r u s t  f a u l t s  or f a u l t  zones and 
seve ra l  l a r g e  y o u t h f u l  f o l d s  t r a v e r s e  t h e  c o a s t a l  r e g i o n  o f  C a l i f o r n i a  n o r t h  
o f  t h e  t r i p l e  j u n c t i o n  (Ogle, 1952; Woodward-Clyde Consu l tan ts ,  1980; Carver 
e t  al. ,  1982). T h e i r  cummulative Qua te rna ry  d isp lacement  r ep resen t s  a t  l e a s t  
15 km o f  NE-SW c r u s t a l  shor ten ing .  These n o r t h w e s t - t r e n d i  ng n o r t h e a s t -  
d i p p i n g  f a u l t s  form a  complex i m b r i c a t e  t h r u s t  b e l t  w i t h i n  t h e  o v e r r i d i n g  
marg in  o f  t h e  Nor th  American P l a t e  a long i t s  boundary w i t h  t h e  subducted 
sou thern  p o r t i o n  of  t he  Gorda P la te .  The compression of t h e  N o r t h  American 
P l a t e  marg in  may be the  r e s u l t  o f  coup1 i n g  between t h e  a c c r e t i o n a r y  wedge of 
t h e  No r th  America P l a t e  and t h e  u n d e r l y i n g  Gorda P l a t e ,  w i t h  ou tboard  
p o r t i o n s  o f  t h e  o v e r r i d i n g  wedge be ing  r a f t e d  downward w i t h  t h e  s u b d u c t i  ng 
p l a t e .  I n t e r n a l  deformat i o n  o f  t h e  southern Gorda p l a t e  a long  n o r t h e a s t -  
t r e n d i n g  l e f t - l a t e r a l  s t r i k e  s l i p  f a u l t s  (Smi th  and Knapp, 1980; Smith, e t .  
a l .  1981), and t h e  nor thward movement o f  t h e  P a c i f i c  P l a t e  r e s u l t  i n  a  
change i n  Gorda, Nor th  American convergence f rom east -west  a long t h e  extreme 
n o r t h e r n  C a l i f o r n i a  coast t o  n e a r l y  no r t h - sou th  near t h e  t r i p l e  j u n c t i o n .  
T h i s  change i n  convergence d i r e c t  i o n  i s  r e f l e c t e d  i n  compress ional  
s t r u c t u r e s  a long t h e  coast;  p r i n c i p a l  f o l d s  and t h r u s t  f a u l t s  s t r i k e  n e a r l y  
east  -west a t  Cape Mendocino and gradual  l y  r o t a t e  t o  nor thwes t -sou theas t  
f u r t h e r  n o r t h  (F i gu re  1). Magnet ic anomal ies on t h e  Gorda p l a t e  show t h a t  
t h i s  r o t a t i o n  i n  convergence was p robab ly  e s t a b l i s h e d  d u r i n g  t h e  Q u a t e r n a r y  
(Riddenhauf, 1984). 

The Mad River F a u l t  Zone 

The Mad R i ve r  F a u l t  Zone (MRFZ), a  prominent zone o f  i m b r i c a t e  t h r u s t  
f a u l t s  and assoc ia ted  f o l d s ,  ex tends a long  t h e  Mad R i v e r  about 50 km from 
t h e  coast  i n l a n d  t 8  the v i c i n i t y  o f  Maple Creek. The MRFZ i s  about 15 km 
'wide and t rends  N35 W. . I t  con ta i ns  5 p r i n c i p a l  t h r u s t s  ( T r i n i d a d ,  B lue  Lake, 
M c K i n l e y v i l l e ,  Mad ,  River ,  and F i c k l e  H i l l  F a u l t s )  and numerous m i n o r  ones 
(F i gu re  2, 3 ) .  The F i c k l e  H i l l  a n t i c l i n e ,  t h e  Jacoby Creek s y n c l i n e ,  and t h e  
B lue  Lake a n t i c l i n e  c o n s t i t u t e  major f o l d s  w i t h i n  t h e  zone. A t  i t ' s  
southeast  end, near Maple Creek, compressional  s t r u c t u r e s  of t h e  MRFZ merge 
w i t h  s t r i k e  s l i p  f a u l t s  o f  t h e  Eaton Roughs F a u l t  Zone, a  p a r t  of t h e  San 
Andreasosys~em (Kelsey and A1 lwardk,  b983). The d i p s  o f  MRFZ f a u l t s  range 
from 15 -25 NE a t  the  coast  t o  35 -45 NE near Maple Creek. The go ld8  a re  
asymmetr ical ,  w i t h  no r t he rn  a n t i c l i n a l  l imbs  d i p p i n g  no r t heas t  20 -30 , and 
sou thern  1  imbs near v e r t i c a l  and l o c a l l y  over tu rned .  T h e i r  a x i s  para1 l e l  t h e  
t r e n d  of t h e  t h r u s t s  (N35W) and they  p lunge very  g e n t l y  NW. The f o l d  1  imbs 
a re  c u t  by t h e  t h r u s t  f a u l t s .  

S t r a t i g r a p h y  

Assessment o f  t he  Qua te rna ry  t e c t o n i c s  o f  t h e  Mad R i v e r  F a u l t  Zone i s  
based on mapping and i n t e r p r e t a t i o n  of severa l  Q u a t e r n a r y  s t r a t i g r a p h i c  
datums. These i n c l u d e  1) t h e  Klamath s a p r o l i t e ,  2 )  t h e  F a l o r  Format ion,  3 )  
t h e  P a t r i c k s  P o i n t  Terrace, and 4)  f l u v i a l  t e r r aces .  These datums a re  
widespread across the MRFZ, and were formed on n e a r l y  h o r i z o n t a l  low r e l i e f  



sur faces.  Approximate ages o f  these datums have been determined. I n  
a d d i t i o n ,  each o f  these s t r a t i g r a p h i c  f e a t u r e s  has t e c t o n i c  s i g n i f i c a n c e  
r e l e v a n t  t o  the  Qua te rna ry  development o f  t he  MRFZ. The MRFZ s t r a t i g r a p h y  i s  
summarized i n  Tab le  1. 

' The Klamath S a ~ r o l i t e  

The Klamath s a p r o l i t e  i s  a  ve r y  t h i c k ,  v e r y  s t r o n g l y  developed 
weather ing p r o f i l e  formed on p re -Quate rnary  r o c k s  o f  n o r t h  western 
C a l i f o r n i a ,  e s p e c i a l l y  t h e  F ranc iscan  Complex and Redwood Creek S c h i s t s . I t  
mant les  an ex tens i ve  p re -Quate rnary  e ros i on  su r f ace  o f  ve ry  low r e 1  i e f  which 
D i l l e r  (1902) c a l l e d  t h e  Klamath Peneplain.  L o c a l l y  t h e  s a p r o l i t e  i s  many 
tens  of meters t h i c k ,  b r i g h t  red, and c l a y - r i c h .  It a t t e s t s  t o  a  l ong  p e r i o d  
t e c t o n i c  s t a b i l i t y ,  low r e l i e f  landscapes, l i t t l e  e ros ion ,  and p ro longed  
chemical  weather ing.  Nor th  o f  t h e  MRFZ t h e  s a p r o l i t e  i s  p resen t  on 
concordant f l a t  topped r i d g e s  and mountai ns and extends i n t o  southwest 
Oregon. W i t h i n  t h e  MRFZ t h e  s a p r o l i t e  i s  f o l d e d  and d i sp l aced  by f a u l t s .  
E a r l y  Qua te rna ry  marine and f l u v i a l  sediments o f  t h e  F a l o r  Format ion  l i e  
d e p o s i t i o n a l l y  on t h e  s a p r o l i t e  l i m i t i n g '  i t s  age t o  l a t e  T e r t i a r y .  
P rese rva t i on  o f  t he  s a p r o l i  t e  d u r i n g  t he  i n i t i a l  F a l o r  t r a n s g r e s s i o n  
suggests t e c t o n i c  processes i n  t h e  r e g i o n  were r e l a t i v e l y  q u i e t  a t  t h e  end 
of t he  T e r t  i ary.  

F  a1 o r  Format i on 

The F a l o r  Format ion (Manning and Ogle, 1950) i n c l u d e s  l o c a l l y  t h i c k  
sequences of p o o r l y  consol  i dated i nterbedded s h a l l  ow mar i  ne sands and pebbly  
sands, e s t u a r i n e  and bay sands, s i l t s ,  and c lays,  and f l u v i a l  grave ls ,  
sands, and s i l t s .  The depos i t s  were l a i d  down i n  a  s l o w l y  subs id i ng  
d e p o s i t i o n a l  b a s i n  which extended across t he  MRFZ and was p robab ly  
cont inuous w i t h  t h e  Ee l  R ive r  bas in  t o  t h e  south. Subsequent f a u l t i n g  has 
t h r u s t  F ranc iscan  Complex r ocks  over t h e  F a l o r  depos i t s .  I n  a l l  measured 
s t r a t i g r a p h i c  sec t i ons  o f  t he  F a l o r  Format ion,  t h e  t o p  o f  t h e  s e c t i o n  has 
been removed by f a u l t  i ng, a1 1 owi ng determi  na t  i on only o f  mi nimum s e c t  i o n  
th i ckness .  L o c a l l y  over 938 meters o f  F a l o r  sediments a re  p resen t  i n  t h e  
MRFZ. 

The age o f  t h e  F a l o r  Format ion i s  cons t ra i ned  by a  we l l -p reserved  
v o l c a n i c  ash l a y e r  p resen t  near i t s  d e p o s i t i o n a l  base. T h i s  ash has been 
c o r r e l a t e d  on t h e  b a s i s  o f  chemis t ry  t o  the 1.8-2.0 m.a. Huck leber ry  Ridge 
T u f f  f rom t h e  Yel lowstone ca lde ra  (A. Sarna-Wojc ick i ,  pers.  corn., 1983). 
The i n t e r n a l  s t r a t i g r a p h y  o f  t h e  F a l o r  Format ion i s  complex and not  w e l l  
known. A widespread basal  member composed o f  w e l l - s o r t e d  q u a r t z - r i c h  sand 
c o n t a i n i n g  w e l l  rounded s i l i c o u s  pebbles suggests open c o a s t l i n e  c o n d i t i o n s  
d u r i n g  i n i t i  a1 F a l o r  depos i t i on .  Higher i n  t he  s e c t i o n  sha l low open-marine 
sed imenta t ion  dominated i n  western p o r t i o n s  o f  t h e  MRFZ w h i l e  e s t u a r i n e  and 
bay environments were present  i n  t he  east.  The e n t i r e  s e c t i o n  i s  punctuated 
by  f 1  u v i  a1 sand and g rave l  sequences, r ep resen t  i ng repea ted  
t r ansg ress i on - reg ress i on  cyc les,  , p o s s i b l y  t h e  r e s u l t  o f  e a r l y  and mid  
Quaternary  g l  ac i o -eus ta t  i c  sea l e v e l  f 1  u c t a t i  ens. Represent a t  i ve 
s t r a t i g r a p h i c  sec t  ions o f  the F a l o r  Format ion i n  t h e  :astern p o r t i o n  of t he  
MRFZ are  shown i n  F i g u r e  4. 



The l a c k  o f  angu la r  unconformi t i  es o r  d i  s c o n f o r m i  t i es w i t h  s i g n i f i c a n t  
s t r a t i  g r a p h i c  ' r e l i e f  i n d i c a t e s  MRFZ f a u l t i n g  and f o l d i n g  were n o t  a c t i v e  
d u r i n g  t h e  d e p o s i t i o n  o f  t h e  F a l o r  sediments.  About 1 km o f  subs idence a t  a  
r a t e  s l o w  enough t o  a l l o w  s e d i m e n t a t i o n  i n  near  sea l e v e l  d e p o s i t i o n a l  
s e t t i n g s  i s  suggested by t h e  f o r m a t i o n ' s  s e d i m e n t o l o g y  and t h i c k n e s s .  
Development o f  f a u l t  and f o l d  s t r u c t u r e s  o f  t h e  MRFZ p r o b a b l y  t e r m i n a t e d  
F a l o r  d e p o s i t i o n .  Assuming s e d i m e n t a t i o n  r a t e s  o f  1  meter  pe r  1000 yea rs ,  
t e c t o n i c  a c t i v i t y  i n  t h e  MRFZ was i n i t a t e d  no more t h a n  about  1  m i l l i o n  
y e a r s  ago. 

P a t r i c k s  p o i n t  T e r r a c e  

L a t e  P l e i s t o c e n e  mar ine  t e r r a c e s  a r e  p r e s e n t  on head land  s e c t i o n s  o f  * t h e  
c o a s t  i n  t h e  v i c i n i t y  o f  t h e  MRFZ. E s p e c i a l l y  w e l l  deve loped  1s a  sequence 
o f  a t  l e a s t  s i x  r a i s e d  m a r i n e  t e r r a c e s  a t  T r i n i d a d  (Stephens,  1982, 
Woodward-Clyde Consu l tan ts ,  1980). The l o w e s t  o f  t hese ,  t h e  P a t r  i c k s  P o i n t  
Te r race ,  ex tends  a long  t h e  coas t  across  t h e  MRFZ. T h i s  t e r r a c e  has been 
a s s i g n e d  an age o f  85,000 yea rs  ( i s o t o p e  s t a g e  5a)  on t h e  b a s i s  of s o i  1  
development,  s t r a t i g r a p h i c  p o s i t i o n  and compar ison w i t h  wor ldw ide  sea l e v e l  

cu rves  (Bloom e t  a l . ,  1 9 7 4 ) .  The t e r r a c e  i s  d i s p l a c e d  by each , o f  t h e  
p r i n c i p a l  f a u l t s  o f  t h e  MRFZ. Prominent  sca rps  and m o l e  t r a c k  r i d g e s  mark 
t h e  f a u l t  t r a c e s ,  and t h e  t e r r a c e  s u r f a c e  i s  d i s p l a c e d  v e r t i c a l l y '  as much as 
35 me te rs .  These r a i s e d  and deformed m a r i n e  t e r r a c e s  i n d i c a t e  c o n s i d e r a b l e  
t e c t o n i c  a c t i v i t y  i n  t h e  MRFZ t h r o u g h o u t  t h e  l a t e  P l e i s t o c e n e .  

F l u v i a l  T e r r a c e s  

Holocene and 1  a t e s t  -P l  e i  s tocene f 1  u v i  a1 t e r r a c e s  a r e  p r e s e n t  a1 ong t h e  
l ower  reaches o f  t h e  Mad R i v e r  and Jacoby Creek. The Holocene t e r r a c e s  a r e  
graded t o  modern sea l e v e l  and l a c k  o f  s o i l  development;  i n d i c a t i n g  t h e y  a r e  
l e s s  t h a n  6000 y e a r s  o ld .  Ra ised f l u v i a l  t e r r a c e s  m a n t l e d  w i t h  v e r y  weak ly -  
deve loped  s o i l s  r e p r e s e n t  l a t e s t  P l e i s t o c e n e  r i v e r  d e p o s i t s .  L o c a l l y ,  f a u l t  
sca rps  up t o  7 me te rs  h i g h  c u t  t hese  young f l u v i a l  t e r r a c e s .  

A c t i v i t v  o f  t h e  MRFZ 

S t r u c t u r a l  and s t r a t i g r a p h i c  r e l t i o n s h i p s  i n d i c a t e  t h e  MRFZ was 
i n i t i a t e d  i n  t h e  m i d  P l e i s t o c e n e ,  perhaps about  1  m i l l i o n  yea rs  ago. The 
e x i s t e n c e  o f  l i t t l e - e r o d e d  s a p r o l i t e  beneath  t h e  F a l o r  F o r m a t i o n  and t h e  
l a c k  o f  ev idence  o f  s i g n i f i c a n t  d e f o r m a t i o n  d u r i n g  t h e  d e p o s i t i o n  o f  t h e  
F a l o r  F o r m a t i o n  suggest  t h e  l a t e  T e r t i a r y  and e a r l y  Q u a t e r n a r y  l andscape  
l a c k e d  r e l i e f  a s s o c i a t e d  w i t h  a c t i v e  f o l d i n g  and f a u l t i n g .  

F r a n c i s c a n  complex r o c k s  have been t h r u s t  over F a l o r  F o r m a t i o n  sed iments  
more t h a n  1  km on each o f  t h e  p r i n c i p a l  f a u l t s  of t h e  MRFZ. Minimum s l i p  
r a t e s  f o r  t h e s e  f a u l t s  based on measured d i s p l a c e m e n t  o f  t h e  base o f  t h e  
F a l o r  F o r m a t i o n  and t h e  t h i c k n e s s  o f  F a l o r  s e c t i o n s  beneath  t h e  o v e r t h r u s t  
F r a n c i s a n  r a n g e  around 1  rrrnlyear. S i m i l a r  r a t e s  a re  d e r i v e d  f r o m  
d i sp lacemen t  o f  t h e  l a t e  P l e i s t o c e n e  P a t r  i c k s  P o i n t  T e r r a c e .  Across t h e  MRFZ 
cummula t ive  d i sp lacemen t  r a t e s  have been about  4 mm p e r  yea r  f o r  t h e  l a t e  



Quaternary .  F a u l t  d isplacements and s l i p  r a t e  de te rm ina t i ons  f o r  t h e  MRFZ 
a re  summarized i n  Tab le  2. 

Conclusions 

The MRFZ i s  a  major no r t heas t -d i pp ing  i m b r i c a t e  t h r u s t  f a u l t  and f o l d  
system of t h e  mid and l a t e  Quate rnary  age i n  coas ta l  n o r t h e r n  C a l i f o r n i a .  It 
i s  a  p a r t  of a  b road  r e g i o n  o f  compressional  t e c t o n i c  s t r u c t u r e s  which 
de f ine  the  Gorda-North American P l a t e  Marg in  n o r t h  o f  t h e  Mendocino T r i p l e  
Junct ion.  To t h e  sou th  and east  t h i s  system o f  compressional  s t r u c t u r e s  
merges w i t h  t h e  n o r t h e r n  end o f  f a u l t s  o f  t h e  San Andreas Transform system. 
Th rus t  f a u l t i n g  and f o l d i n g  assoc ia ted  w i t h  t h e  MRFZ was i n i  t a t e d  i n  t h e  
m id -P le is tocene  a f t e r  d e p o s i t i o n  o f  t h e  F a l o r  Format ion.  P r i o r  t o  t h i s  
t h r u s t i n g ,  t h e  t e c t o n i c s  o f  t he  area were r e l a t i v e l y  qu ie t .  The onset of 
f a u l t i n g  i n  t h e  MRFZ may represen t  t h e  m i g r a t i o n  o f  t h e  Mendocino T r i p l e  
Junc t i on  nor thward i n t o  t he  nor thernwes te rn  C a l i f o r n i a  reg ion.  S l i p  r a t e s  
f o r  p r i n c i p a l  f a u l t s  w i t h i n  t he  MRFZ have been about 1  mn per year  s i nce  t h e  
m id  P le is tocene ,  and about 4 mm per year  f o r  t h e  e n t i r e  zone. F a u l t i n g ,  
f o l d i n g ,  and u p l i f t  a s s o c i a t e d  w i t h  t h e  m id  and l a t e  Q u a t e r n a r y  a c t i v i t y  of 
t h e  MRFZ and r e l a t e d  compressional s t r u c t u r e s  i n  t h e  n o r t h  coast  r e g i o n  has 
generated t h e  r e l i e f  expressed by t h e  p resen t  landscape and t h e  s t r u c t u r a l  
comp lex i t y  apparent i n  e a r l y  and mid Qua te rna ry  d e p o s i t s  o f  coas ta l  n o r t h e r n  
C a l i f o r n i a .  
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gure 1 .  Regional tectonic s e t t i n g  o f '  Northwest ~ a l  i f o h i a  in the' ' 
v ic in i t y  of the ~endoc ino  Tr ip le  Junction.  Compressional 
s t ruc tures  of the Juan de Fuca-Gorda subduction zone trend 
onshore a t  t h e i r  southern end and merge with s t r i k e  s l i p  
f a u l t s  of the San Andreas transform system. Large open arrows 
depic t  p la te  motion f o r  the  Pacif ic  and Gorda P la tes  r e l a t i v e  
t o  a fixed North American P la te .  



Fluvlal and marine 

F i g u r e  2 .  Q u a t e r n a r y  Geo log ic  Map o f  t h e  Mad R i v e r  F a u l t  Zone. 



Figure 3 .  Geologic cross sections across the Mad River F a u l t  Zone. Section T-T I -T "  
- i s  along the coast and i l l u s t r a t e s  the deformation of the l a t e  Pleistocene 
coastal terraces.  Section H-H'  i s  across the MRFZ near Korbel, and 
i l  lustrates  the deformation of the early Plei s tocene  Falor Formation. 



pebbly conplanrate, s l  rl m l m  J 

SIIIYLW BAY 
landstme 
rmdy clay 
pebbly silly m d r t w , ~ w l m i m s l  

pebbly conplomcnle, 936 r l  

) a d s ~ m  FLUVl A1 

pebbly c o n p i m l e .  93 b s I  

s i t s l m  r l s l .  t l y t i l u l  

m r l v e  Y a d S l o n  

pebbly s l l t r lm,s3  
BAY 

s a d s l w  rl sI , flylllua, S~.rldomUl, rel~9 

s i l l r t m .  n y t i l u ~ .  tlyu, Cl~nocarJiwn 
r l l l yc loys1w FLUVIAL 
well-wrted rc&lon 

pebbly conqlanrale. ¶I 

r i l l r l m e  
pebbly c o n q l w n l e .  s l 
~ i l l s l m '  BAY 
silly clayrlom 
si l ly rmAlm 
pebbly c o n q l w n l e .  ¶I 
d s l o n e  WI a i l ictun pebbles 
¶I l ly s ~ s l m  
clay b rlllslonc, nacomo L W l A L  
pebbly conqlanrale. ¶I 

nmrrive Wlm BAY 

clam boring3 
si l ly c l a y t l m .  fly8 
sllly M d $ L m ,  mroma, t'~ln0camrLbn 
p c e l y  cmglomrote.¶l b 93 
silty s a d s t m  b clayston 

conqlwrate, ss BAY 
c l a p l m  

pcMIycmglomcrale, sI.sJ.6 s l l i c e ~ p e M l e s  

FAULT 

FAULT 
pct4ly cmglomrrnle r l  ¶I 6 rl lilb 
I I ~ - C O ~  W s l m  
conp la rn lo  w,s I p ~ ~ o s  FLUVIAL 
charr l td conp la ra le  rl J pcbbbr 
r rumldcmgl -mo .I II WOI 
m,&" smdslmo 

pcbbly m d s l m .  r l  

r l l ly  clayslam 
myrive, hod W r l w  rl mim pbblrs. 9 l 

p w e s . r l  b s ~  BAY L FLUVIAL 
nursiro Mmlm 

W l y  m d s l m .  s3 

r i l l y ~ l w  

w l y  w ~ m ,  r l  
Rouivr.clem sadslow 
mrslve,dlrly m d s l o n  

V.VClV BAY 
pbbly w&lon, r l  

c layslm ad si l l r lam 
pcbb1y Mdrlonc. 11 
pcbblr ¶mdslm, r3 
pebbly Sm'b1w. s l  FLUVIAL 
clay 

7- 
conplarale.  r l w l  m i m  s3 

s m d s l m  mdr1I1y smdslrn 

s i ~ l s l m  BAY 6 FLUVIAL 

ptb ly .  mcly  s l l l s lm,  11, twbalcd 
S l l t ~ l W  
r rnds tm BAY 
mlly-tlsvcy ~ t M r , r n ~ l l ~  
mmrlve Mdrlone rl .am1 hrmn 
cross-bedded M m t m .  Clem 
,,Il.lDn W I C l -  
A%lHcklcaem,Rldpr - l Om.) 
rmdslow - s l b  r l  W l e r  
c o n p l m a l e  ~ 1 1 1 6  m l m r l  pebbln 
Wlm r l m t m  s ~ l t r l m  

mmlm BAY 
rmpl-tc w/ n l l c r M  ~ l e s  
, , I , C M n  W l y  c m g l m l n t *  

o r m s l r l w  aAst gp~n ~ I ) ( E  

CANON CREEK SECTION HATFIELD PRAIRIE SECTION 
gure 4. S t r a t i g r a p h i c  sec t i ons  th rough t h e  F a l o r  Format ion a t  Canon 

Creek and H a t f i e l d  P r a i r i e .  Above a  basal  sequence o f  sha l l ow  
open mar ine depos i t s  t h i c k  sequences o f  f l u v i a l  and bay sed- 
iments a1 t e r n a t e .  The Huck leber ry  Ridge ash (1.8-2.0 ma) l i e s  
i n  t h e  l owe r  p o r t i o n  o f  t he  bay f a c i e s  j u s t  above t h e  open 
mar ine sands. The sec t i ons  1 ack angu la r  unconformi  t i e s  o r  
ma jo r  d i scon fo rm i  t i e s  and i n d i c a t e  slow con t inuous  subsidence 
d u r i n g  d e p o s i t i o n .  The tops of t he  s e c t i o n s  a r e  t e r m i n a t e d  by 
t h r u s t  f a u l t s .  



Age Stratigraphic Unit Tectonic/Sedimentologic 

MODERN ----ACYIVE W N E L  DEPOSITS 

HOLOCENE-----FLOOD PLAIN TERRACES-- 

FLWIAL TERRACES 

PATRICK'S PT. 

WESTHAVEN 
LATE 

QUATERNARY 

85,000 THRUST/REVERSE 
FAULTINO 

125.000 RAP10 UPLIFT 
LOCALLY--0UCIc- 
EUSTATlC TfRRACE 
CUTTINO AN0 
DEPOSITION 

U N C U N F  ORHI TY 

U SERIES DATE? >450,000 
DEPOSITS THRUST/REVERSE 

1 CRANNELL W D S  
FAULTINO-UPLIFT 

I 
W N N E L L  ASH? >400,000 

HlDDLE 
PLEISTOCENE AWTE BEACH DEPOSITS 

FLUVIAL AND 
SHALLOW M A I N E  

FMOR OEPOS[TION-- 
Ftl. W Y  TRANSORESSION 

LOWER AND REGRESSION 
PLEISTOCENE CYCLES 

WTFIELD PRAIRIE ASH ' 1.8 H.a 

OPEN "i" OCEAN ENCLOSED BASIN 

SLOW TECTONIC SUBSIDENCE-- 
- W I N E  TRANSORESSlDN AND 

DEPQSITION 
l O C N  UNCONFORMITY- 

-TECTONIC QUIESCENCE 
LATE WROLITE/HNTER' R I M E  -EXTENSIYE WUTHERINO 
TERTIARY ORAVELS -LOCAL F L W I M  

TERTIARY 
DEPOSITION? 

U R L Y  UNWNFORHITY REOIOHAL UPLIFT AND 

MESOZOIC 

TERTIARY EROSION 

FRANCISCAN WMPLEX 

KERR RANCH SCHIST 

SUBDUCTION 
ACCRETION 

Table 1. Stratigraphy of the Mad River Fault Zone and tectonic and 
sedimentologic interpretation of the development of the 
stratigraphic sequence. 



V e r t i c a l  D i p  S l i p  S l i p  

F a u l t  Locat  i o n  Datum 0% Displacement  Displacement  Rate 
(m. a. ) (mete rs )  (mete rs )  (mn/yr)  

T r i n i d a d  F a u l t  Anderson Ranch- 

T r i n i d a d  

Jager P r o p e r t y -  

T r i n i d a d  

Canon Creek 

Canon Creek 

Korbe 1  

Humbol d t  County 

A i r p o r t  

Mad R iver  F i s h  

Hatchery 

Simpson Timber 

Co. Rd 4500 

School Road 

M c K i n l e y v i l l e  

N o r t h  Bank Road 

Pat. Pt. 

Ter race  

Pat. Pt. 

Ter race  

F a l o r  Fm 

F a l o r  Fm 

F a l o r  Fm 

Pat. Pt. 

Ter race  

F l u v i a l  

Ter race  

F a l o r  Fm 

T r i n i d a d  F a u l t  

T r i n i d a d  F a u l t  

B l u e  Lake F a u l t  

B l u e  Lake F a u l t  

M c K i n l e y v i l l e  

F a u l t  

M c K i n l e y v i l l e  

F a u l t  

M c K i n l e y v i l l e  

F a u l t  

Mad R i v e r  F a u l t  Pat. Pt. 

Ter race  

F l u v i a l  

Ter race  

F a l o r  Fm 

Mad R i v e r  F a u l t  

Mad R i v e r  F a u l t  Simpson Timber 

Co. Rd 5400 

Arca ta  F i c k l e  H i l l  

F a u l t  

01 der 

Mar ine  

Ter race  

F a l o r  Fm F i c k l e  H i l l  Jacoby Creek 

F a u l t  

................................................................................................ 
Mad R i v e r  F a u l t  C o a s t l i n e  Pat. P t .  .85 25' 127 300 3.53 

Zone Ter race  

Mad R i v e r  F a u l t  Jacoby Creek-  F a l o r  Fm 1  35O 2305 4018 4.02 

Zone Korbe l  S e c t i o n  

Table 2 .  Summary of displacement measurements and s l i p  ra tes  f o r  f a u l t s  
in the MRFZ. 
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THRUST FAULTINO AND EARTHFLOWS: 
SPECULATIONS ON THE SEDIMENT BUDOET 

OF A TECTONICALLY ACT lVE DRAl NAOE BASIN 

Andre K. Lehre and Gary Carver 
Department of Geology 

Humboldt State University 
Arcata, CA 9552  I 

In  the last decade, considerable effort has been devoted to the definition and construction of 
sediment budgets i n  mountainous terrain, chiefly i n  Northern California, Oregon, and Washington 
(e.g., Dietrich and Dunne 1978; Dietrich and others 1982; Lehre, 1982a,b; Lehre, Collins, and 
Dunne 1983; Kelsey 1980, 1982; Kelsey and others 198 1 ; Reid 198 1 ). These studies have 
shown the u t i l i t y  of sediment budgets for predicting sediment yield and understanding process 
linkages; ultimately they should allow us to model landscape evolution. Although these studies 
were generally conducted i n  tectonically active areas (e.g., Kelsey 1980), none incorporated the 
possibility of direct tectonic transfer of material into the drainage basin. Many of these papers 
assume, in  one sense or another, approximate long-term equil ibrium between processes and 
products (e.g., i n  calculating soil residence time), but none considers the effect of tectonic input 
on equilibrium. Our objective i n  this paper is  not to present finished research on the relations 
between tEt0nlsm and erosion In the Jacoby Creek basln - - for  that we have not got--but fnstead, 
to stimulate discussion as to what the relations are, how they might be modeled, what sorts of 
investigations/measurements might be useful i n  understanding them, and what their equil ibrium 
implies. To this end we use a variety of crude mass-balance models, discussed below. 

The basin of Jacoby Creek above the gaging site i s  roughly rectangular, averaging 3.3 km wide 
and 1 1 km long (fig. I ) .  I t  i s  bounded on the north by Flckle Hi11 and on the south by Kneeland 
Ridge. I ts vi tal  statistics are summarized i n  Table 1. The creek heads at elevations of 5 5 0 - 6 5 0  
m; the stream gage i s  at about I 5  m (f ig, I ). Average slope of the north side of the basin i s  1 1 '; 
that of the south side i s  14". The basin i s  covered chiefly by second-growth coniferous forest, 
parts of which are currently being logged. 

The upper slopes of Fickle H i l l  consist largely of Franciscan melange and greywacke which have 
been thrust southward over Pleistocene shallow marine and continental sediments of the Falor Fm 
(Carver and others 1 982; Carver and Stephens 1 983 ; Carver, this volume). Falor d i m e n t s  
form much of the lower slopes of Fickle Hi l l .  A small, nearly-horizontal patch of Falor sands l ies 
in depositional contact with Franciscan melange on the crest of Fickle H i l l  ( f ig. 2 and Carver, this 
vol.) Kneeland Ridge consists chiefly of Franciscan racks wi th a thin veneer of northeast-dipping 
Falor Fm --again i n  depositional mntact wi th the Franciscan- - present locally near the creek. 

Two major thrusts crop out on Fickle H i l l  about one th i rd  of the way between the creek and the 
divide (fig. 2). These faults, which are no older than about 1 m.y., have a total offset of around 1 
km (Carver, this vol.) Estimates of faulting recurrence intervals, bas& on fault 
length-magnitude and magnitude-slip relations (e.g., Slemmons 1 9771, are on the order of 
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Figure 1. Topographic map of clacoby Creek drainage basin above Tom Lisle's gage at covered 
bridge, compiled from Arcata South, Korbel , and laqua .Buttes 7.5' quadrangles. h g e  i s  located 
4.7 km SE of Arcata, CA. Note that elevations are in feet. 

Figure 2. Oeologic map of Jmby Cr basin, simplified from mapping of Carver and Stephens 
( 1985). Melange (m l )  and greywacke sandstone (s) belong to the Franciscan group. Only active 
earthflows are indicated. 



Table 1 : Vital statistics of the Jecoby Creek besin 171 

quantity symbol value 

drainage area 
length of mainstem channel 
total length of channels in  basin 
drainage dens! ty 
basin volume 
mean thickness of thrust sheet at divide 
relief ratio 
mean annual discharge Qmean 



5000- 10,000 y r  for offsets of 5- 10 m/event. A reasonable estimate for mean rate of fault offset 
(Carver, this vol.) i s  1 mm/yr ( 1 m/ 1000 y r ) .  This rate, which may be in  error by 30%, is 
used throughout this paper. 

The weral l  structure of Fickle Hi l l  is  an anticline cut by thrusts on its south flank. J m b y  Cr 
runs approximately along the axis of the @ m n t  syncline ( f i g  3). Structural .relief due to folding 
is unknown, but is at least 200 m. 

Erosional processes active i n  the Jecoby C r  watershed are slump-earthflow, shallow debris 
slides, soil creep, sheet/rill erosion, and fluvial incision. O f  these, large, active 
slump-earthflows originating i n  Franciscan melange appear the most important; t h q  cover 20% 
of the drainage area of Jacaby Creek (from mapping of Carver and Stephens, 1985; see also fig. 
2.) These e a r t h f l ~ ~ s  typically head near the crest of Fickle H i l l  and extend down tr ibutary 
valleys to Jacoby Creek. Old earthflow deposits and colluvium mantle interfluves between the 
mapped flows; these deposits (not shown on the geologic map) suggest more widespread earthflow 
activity in  the past. 

Shallow debris slides are restricted to colluvial hollows i n  Franciscan greywacke or are 
associated with roadcut and f i l l  failures. Preliminary airphoto reconaissance suggests that these 
are quantitatively much less important than earthflows. 

Seasonal and biogenic soil creep, as w i l l  be discussed later, are probably relatively unimportant. 
Sheet and rill erosion are important chiefly where vegetation has been removed by logging and 
roadbui lding ; again, we suspect that they are quantitatively relatively unimportant. 

Slopes in the Jacoby Cr drainage have obviously been dissected by streams. We have not yet been 
able to quantify their contribution to overall sediment yield, but they are clearly important in 
feeding earthflow debris and other slope-der ived material to the main channel. 

The current sediment yield of Jacoby Creek at the gaging site, estimated by the duration curve - 
sediment rating curve method, is about 5500 t /y r .  The sediment rating curve i s  based on 109 
Instantaneous water discharge and suspended-sediment concentration measurements taken during 
the period December 1978-December 1979 (Tom Lisle, unpub. data). We estimated the duration 
curve by prorating (by ratio to mean annual discharge) 1956-65 daily discharge data collected 
at a site 6.5 km upstream (Jorgensen and others, 197 1 ). This technique has prwed highly 
effective for regionalizing duration curves of North Coast streams (Lehre, unpub. date). The 
suspended load averages about 60% si lt/clay and 40% sand ( 1. Lisle, pers. mmm. 1985). 

Bedlosd discharge i n  Northern California streams averages about 1 0-  1 5% of suspended load 
discharge, although. observed values range from 1 -40% (see Lehre 1982a, Table 55). We h#e 
chosen 15% (825 t /y r )  as a resunable value for Jacoby Creek; bedload transport measurements 
at the site (Tom Lisle, pers. comm. 1985) confirm this. Bedload i n  Jacoby Cr i s  largely gravel. 

We estimate total particulate load (bedload + suspended) for the creek at 6325 t/yr. Because we 
have no measurements of dissolved load, we ignore it below. 
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Figure 3. Structural cartoon of the Jacoby Cr basin based on mapping of Carver and Stephens 
( 1985). Contact between Pleistocene Falor Fm. and Franciscan rocks (chiefly melange) i s  
erosional unmnformity, i n  part representing old abrasion platform. Thickness of Falor deposits 
i n  valley and amount of offset on individual faults are not known. Aggregate offset on faults i n  1 s t  
1 may. is about 1 km; north of Fickle H i l l  Falor Fm is  1 km thick. Thickness of earthflow deposits 
is  exaggerated. 

figure 4. Cross-sections used to determine volume of J m b y  Cr basin. Dashed line is ridge-ridge 
tangent plane. Uppermost thrust is  shown i n  each cross-section. No vertical exaggeration. 



Denudation rate for the drainage, assuming uniform lowering of the ground surface and no net 
storage of material i n  the basin, is  given by a mass balance between sediment discharge and 
quantl ty eroded: 

denudation rate ( m/y r  ) = QS/APrwk ( 1 )  

For sediment discharge Qs of 6325  t / y r  ( 178 t/km2/yr), A of 35.5 km2. and Pr,k of 2.5 t/m3. 

the denudation rate (as rock) is 0.07 m/ 1000 y (.07 rnm/yr). For mil with Pmil of 1.2 t/m3, 
the denudation rate (as soil) i s  0.15 rn/1000 y r  (0.15 mm/yr) .  In  contrast, upl i f t  rates 
computed from marine terraces i n  the Arcata-Trinidad area are 0.3-0.6 m/ 1000 yr (Carver 
and others 1982; Stephens 1982). Upli f t  i s  thus about four to eight times faster than 
denudation, implying 200  to 500 m of area-wide net upl i f t  i n  the last I m.y. if the rates are 
valid over that time interval. A patch of shallow marine Falor Fm less than 2 m.y. old lying on 
top of Fickle H i l l  at 620  m (fig. 2, and Carver, this vol.) suggests the rates are reasonable. 

Soil depth ( pedogenic horizons) on hillslopes i n  the Jacoby Cr basin is  on the order of 1.0 m. If 
we assume that soil thickness at any point stays constant with time (Dietr ich and Dunne 19781, 
then a mass balance gives the number of years needed to erode the mean soil depth, h i ] :  

residence time (yr) = (APSOil  zSOil)/QS 

This yields a residence time of 6700 y r ,  which seems exceptionally short for a forested basin. By 
contrast, Dietrich and Dunne ( 1978) estimated a 20,500 year residence time for soil in  a 
forested basin i n  the Oregon Coast Range, and Kelsey ( 1982) estimated 15,000-50,000 yr of 
residence for surficial material i n  the Van Duzen River drainage. Residence times on the order of 
12,000-20,000 y r  thus seem more reasonable for Jacoby Cr soils, Possible causes of our 
seemingly low residence time are: 1 ) soils are at least twice as thick as we estimate, which does 
not seem reasonable; 2)  current sediment yield is  at least two times larger than the long term 
yield, which is possible, but has no supporting evidence; or 3) the assumptions of the residence 
time model do not apply because mass transport processes (such as earthflows) contribute 
significant volumes of saprolite, colluvium, and sheared rock as well as soil to the channel system. 
From fig. 2 this seems the most l ikely explanation. 

Several studies i n  the coastal mountains of northern California ( Lehre 1 982a,b), Oregon 
(Dietrich and Dunne 1978; Dietrich and others 1982), and Washington (Reid 198 I ) have 
proposed that sediment i s  transported from hillslope to stream chiefly by shallow debris slides 
and flows originating from colluvium-filled bedrock hollows (swales), which episodically f i l l  and 
evacuate. These hollows f i l l  by soil creep unti l  sufficient material accumulates to allow sliding; 
thus creep rate, together with spatial frequency of hollows, ultimately determines denudation rate. 
This model appears generally applicable to steep slopes i n  weathered coherent rock (e.g., 
greywacke or volcanics); i t  i s  unlikely to be applicable where slope materials contain sufficient 
Clw to allow flowage (e.g., Franciscan melange matrix). 



A crude test as to whether soil creep could be responsible for most present-* denudation can be 
made by using a mess balance to compute the creep rate necessary to provide the observed 
sediment yield. Assuming a uniform creep rate supplying material to both banks of all channels in 
the besin: 

equilibrium creep rate (m/y r )  = CIS/( 2Ltot z,., P . I  

where Ltot i s  the total length of channels in  the basin and Zcr i s  mean thickness of the creeping 
material. Using Ltot = 160,500 m and assuming Zcr = 0.5 m, the required equilibrium creep 

rate is 0.033 m/yr ( 3 3  mm/yr), I f  the creeping layer is 1 m thick (which seems unreasonably 
large) the required creep rate is 0.0 16 m/yr  ( 16 mm/yr). Since observed rates of wfisonal or 
biogenic soil creep in such environments (Young 1972, Saunders and Young 1983) are on the 
order of 1 - 4  mm/yr , i t  appears unlikely that soil creep could be responsible for most current 
denudation of the besin. Assuming a 2 mm/yr creep rate over a 0.5 m depth, creep could directly 
supply only 385 t /yr  ( 1 1 t/km2/yr) or 6% of the observed sediment yield. 

An analogous computation can be m e  for earth flows in the basin. Assum ing a uniform rate of 
flowage supplying material to J m b y  Cr: 

equilibrium flow rate ( m/y r )  = Q,/( Lef ~f Prock) 

where Lef is  total mean width of earthflows measured parallel to mainstem J m b y  Cr, and %f is 

mean earthflow thickness. For Lef = 5500 m (calculated from fig. 2 by dividing earthflow area by 
mean length) and Zef estimated at 10 m (c.f. earthflow thicknesses of 5-8 m in  lverson 1984, 

10-30 m in  Kelsey 1978, and 3- 15 m in Swanston and Swanson 1976), the mean flowage rate 
required for equilibrium with current sediment yield is 0.046 m/yr ( 4 6  mm/yr). This rate is 
reasonable for forested earthflows (c.f. Swanston and Swanson 1976 table 2); but it i s  at least an 
order of magnitude less than those measured on grass-covered earthflows nearby (Kelsey 1978; 
lversen 1984). The minimum rate of movement of the Plunkett Road earthflow at the west end of 
the basin (fig. 1 ), determined from damage to houses and roads, is  0.01 0-0.025 m/yr  ( 10-25 
mm/yr). 

These simple calculations suggest that earthflows could easily supply most of the current sediment 
yield of the Jacoby Cr besin, but that i t  would be difficult for soil creep to do so. The predicted 
rate of earthflow movement is reasonable and s imi la r  to that actually obstrved. 

The long-term sediment yield of a drainage basin formed by simple incision of an originally 
planar surface, with no subsequent internal differential distortion (folding or faulting), i s  given 
by: 

long-term mean sediment yield ( t / y r )  = ( VbEin Prmk )I To 

where vbaln i s  the volume of the basin below the original planar surface, and To i s  the tima in  

years since incision began. 



Although the Jacoby Cr basin has clearly undergone folding and faulting (figs. 2 and 3), i t  is 
instructive to apply this formula to it. Because the original Falor-F ranciscan depositional surface 
--st i l l  horizontal-- i s  exposed on the top of Fickle H i l l  and, exhumed, forms the north slope of 
parts of Kneeland Ridge (Carver, this vol.), we approximated the original surface as a plane 
everywhere tangent to the crest of both ridges. ( This is, of course, very crude: i t neglects erosion 
of whatever Falor sediments ley above this surfece, and ignores any contribution of tectonism to 
basin volume.) Basin volume ( 5.0 x 1 o9 m3) was calculated from 1 2 cross-sections speced 
approximately 1 km apart (fig. 4). 

Substituting present-day sediment discharge for the long-term value in (5)  yields % basin age 
(To) of 1.98 m.y. This is too old: the Falor Fm , which i s  up to 1000 m thick north of Fickle H i l l  
(Carver, this vol.), contains the 2.0 m.y. Huckleberry Ridge ash near i ts  base (Andrei 
Sarna-Wojcicki, pers. comm 1985). Even i f  only 100-200 m of Falor sediments originally 
m e r e d  the top of Fickle H i l l ,  any reasonable deposition rate suggests that a minimum of several 
hundred thousand years must have passed before erosion of the Jacoby Cr. basin could have begun. 

I f  we assume basin development commenced about 1 m.y. ago (our best estimate), long-term 
sediment yield, computed from (S), i s  12,500 t /y r ,  or approximately twice the current value. 
Perhaps this i s  real; Pleistocene climate changes may at times have produced sediment discharges 
well in excess of those presently observed. However, the value ma/ be excessive for two reasons: 
1 )  part of the measured basin volume is probably a result of tectonism, not erosion (see 
subsequent discussion); and 2) when basin relief was low (before appreciable incision or 
tectonlsm) erosion rates are likely to have been substantially smaller than current ones. Basin 
relief today i s  probably at a maximum. These results suggest that tectonic effects must be 
incorporated into any sediment budget model i f  we are to understand basin evolution. 

We propose a very simple-minded tectonic-erosional model m a f i r s t  approximation for the 
development of the Jacoby Cr basin (fig. 5 ) .  In this model, an in i t ia l ly  horizontal surface is  
thrust southward at a constant rate. The position of the creek i s  fixed; the divide is  taken as a 
singular point which shifts upward and southward as thrusting continues. Al l  re l ief  between 
divide and creek i s  created by the thrusting; there is  no differential erasional lowering of divide or 
creek. Material thrust into the basin (trapezoid ABDE i n  fig. 5) i s  regraded to form a slope of 
uniform angle ( l ine DC) from divide to creek, thus increasing slope volume (triangle CDE); 
excess material (ABDE-CDE) is  transported to the creek and removed. I n  this model, as thrusting 
continues, Fickle H i l l  grows i n  height and bulk, horizontal distance between creek and divide 
diminishes, and slope angle increases. Equations defining the model are given Appendix 1 .  

Figures 6-8 show the model predictions for a thrust fault dipping north at R = 25" (the dip 
meesured at the field t r i p  stop) with init ial  (time-zero) creek-divide distance (Lo) of 3250  m, 

mean creek-fault distance (Ld) of 900  m, and thrust rate of 1 m m l y r  (0 .001 m/yr ) .  Lo was 
determined from present day mean relief (Red) of 420 m and mean creek-divide distance (LC$ of 

2345 m by: 

This is the mathematical equivalent of sliding the divide back down to the level of the creek along a 
line parallel to the fault dip (see fig. 5). 



Figure 5. Definition sketch for model of basin development under thrusting. C is.creek, 0 i s  
divide. S i s  total slip, Do is position of divide before thrusting commenced. Initial topography is 

assumed flat ( line C-Do); dashed line A-D is imaginary position of that surface after sl ip 5 on 
fault has occurred. Line Do-D shows path of divide as offset continues. Other symbols are 

discussed i n  text and appendix. Figure is schematic only. 
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Figure 6. Total volume displaced, slope volume, and total volume eroded (difference between 
volume displaced and slope volume) as functions of time for model i n  fig. 5. Computed from eqs. 
A5-A7 In appendix. See text for discussion. 



Total sl ip required to bring the divide from creek level to i ts  current position is given by  

This amounts to 994 m, which, for a sl ip rate of 1 mm/yr , implies a basin age of approximately 
t m.y. 

The results of this simple model are illuminating. It suggests a reasonable age for the basin. It 
predicts a mean sediment yield of 7800 t / y r ,  only 25% larger than our estimated current yield 

9 3 of 6325 tlyr. If the basin is  I m.y. old, the model predicts cumulative erosion of 3.1 x 10 m , 
only 1 1 X less than our measured value of 3.4 x 1 o9 m3 for the volume beneath the ridge-ridge 
plane north of the creek. Our model thus seems to provide a reasonable f i r s t  approximation of 
relations between tectonism and erosion in  the basin. 

. .  . . . i m v  of the PUkl 

The proposed model has several defects. Fi rst ,  i t  predicts a uniform sediment yield which does not 
change with time (fig. 6). This is clearly unreasonable. In  the early stages of basin formation, 
when rel ief (fig. 7) and slope (fig. 8 )  are very low, erosional processes should be less effective 
and sediment yield ought to be small; as rel ief and slope increase, we would expect increased 
sediment yield . This argument suggests that hillslope re l ief  and volume in i t ia l l y  grow more 
rapidly than the model predicts; perhaps at some point i n  slope development a threshold i s  then 
crossed which allows a more constant rate of erosion. This threshold might be that associated with 
the initiation of earthflows. 

Second, the model does not explain how or why the slope is  regraded to a constant angle. To echieve 
this, we need conveyor- belt l ike transport that effectively redistributes excess upper-slope 
material downslope. Earthflows are a l ikely candidate. At several sites (e.g., Plunkett Road) ,  
Franciscan melange debris has flowed downslope over Falor sediments. The south slope of Fickle 
H i l l ,  though mantled by earthflows (fig. 2) appears surprisingly uniform i n  profile (fig. 4). 

Third, thrust movement is  unlikely to be uniform i n  time. While the mean s l ip rate may be 
1 mm/yr, actual displacement i s  most l ikely by increments of 5- 10 m per event. We wonder if 
such sudden inputs of mass a u l d  trigger earthflow kinematic waves which would then lead to 
increased sedimentation i n  Jacoby Creek. 

Fourth, the assumption that the divide and creek are fixed points which underw no erosional 
lowering i s  unrealistic; both almast certainly do. However, the patch of Falor Fm on the crest of 
Fickle H i l l  suggests that this rate of lowering i s  small wi th respect to the rate of tectonism, and 
thus no great er ror  is introduced. (We made this assumption because i t  greatly simplifies the 
geometry of the model; i f  we allow the divide to shift because of erosion the problem is  much less 
tractable.) 

Fifth, the model does not take into account structural deformation other than thrusting in  
development of the basin. Since the besin i s  i n  fect a syncline (figs. 2,3) a comprehensive model 
should include the effects of coseismic folding. Qualitatively, the effect of synclinal folding is  to 
require a lower sediment yield than that predicted by our model, since some of the basin volume 
w i l l  be due to the downwarping. 
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Figure 7. Creek-divide distance (Ld) and relief (Rd) as functions of time for model in fig. 5. 111 

Computed from eqs. A3 and A4 in  appendix. See text for discussion. i; i 
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Flgure 8. Increase in  slope of south sick of Fickle Hi l l  with time for model i n  fig. 5. Computed 
from q. A8 i n  appendix. See text for discussion. 



Despite i ts  limitations, the model strongly suggests that thrusting and erosion are not presently i n  
equilibrium . i.e.. that Fickle H i l l  is continuing to grow in  rel ief and steepness. This hypothesis 
can be tested by a simple mass balance. The sediment yield required for equilibrium between 
thrusting and erosion is given by: 

equilibrium sediment yield ( t / y r )  = r Dthr Lthr Prock (8 )  

where r is thrust rate, Dthr is  mean thrust plate thickness (measured from fault to divide along a 

line normal to the fault plane), and Lthr i s  fault length measured parallel to the valley axis. For r 
= 0.00 1 m/yr  ( 1 mm/yr), Dthr = 840 m, and Lthr = 10,250 m, equilibrium sediment yield is  

2 1,500 t /yr .  This is  approximately 3.5 times the current yield, supporting our contention that 
thrusting and erosion are Ilqt i n  equilibrium. 

What does the future hold for the Jacoby Creek basin? According to our model, about 1 m.y. was  
needed for the south slope of Fickle H i l l  to attain i ts  present mean gredient of 1 I '; fig. 8 indicates 
that i t  w i l l  grow to about 30' over the next mil l ion years. We do not believe this is l ikely; the 
materials are not strong enough. Instead, we propose that at some (unknown) future slope a 
threshold w i l l  be crossed and flowage rates w i l l  either increase greatly, or other processes (e.g., 
massive slumping or sliding ) w i l l  take over to bring erosion and tectonism more nearly into 
equilibrium. We expect that such a transition would lead to major changes i n  Jacoby Creek. At 
least initially, the increased sediment input would lead to aggradation and the formation of f i l l  
terraces. Beyond this we have not ventured. 

We have used simple mass balance calculations to investigate and model the relations between 
tectonism and sdiment yield i n  a small basin undergoing active thrust faulting. Our results 
suggest that: 1 )  mass-balance approaches l ike ours can provide useful insight into basin 
development even i f  the input data and model are crude; 2) sediment budgets i n  tectonically active 
areas need to include expl ici t ly a tectonic component i f  basin development i s  to be understood; and 
3) "equilibrium" between erosion and tectonism can be best understood through sediment budget 
models, as these focus attention on the way dominant processes, process-linkages, and threSholds 
interact and change with time. 

Our simple model suggests that tectonism and erosion i n  the Jamby Cr drainage are d i n  
equllibrium, and that Fickle H i l l  continues to grow i n  rel ief and bulk. Earthflows, originating i n  
Franciscan melange of the upper thrust plate, redistribute thrust material downslope, and can 
account for the currently observed sediment yield of the basin. 
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APPENDIX: MODEL EQUATIONS 

The quantities below are used i n  the equations defining the model of f igure 5: 

8: dip angle of thrust plane ( " )  

r: rate of thrusting ( m / y r  ) 

1: time since init iation of thrusting ( y r )  

S: total amount of slip on fault (m)  

L d :  distance from creek to divide, measured horizontally ( m )  

Lcf: distance from creek to fault trace, measured horizontally ( m ) 

Lo: distance from creek to divide at t = 0 ( m )  

AL: total change i n  horizontal distance between creek and divide due to faulting ( m) 

Red: relief between creek and divide ( rn) 

Vtrap: total volume of material thrust into basin per unit length of fault; numerically equivalent 

to area of trapezoid ABDE ( m3/m/yr) 

Vtri: total volume of hillslope per unit  length of fault; numerically equivalent to area of triangle 
CDE ( m3/m/yr) 

total volume of material eroded per unit  length of fault; numerically equivalent to 

ABDE-CDE ( mJ/m/yr) 

0: angle of hillslope from crest to divide ( O )  

The equations which define the model are: 

S = r t  

LC-.= Lo - A L  

Rcd = r t  sinD 

Vtrap = [Lo - LCf - ( AL /2)1 RCd 

Vtri = 0.5 Rd [Lo - AL]  

Verm = Vtrap - Vtri ' 0.5 Red [Lo - 2LcfI 

0 = tan- ( R ~ / L ~ )  





PROGRAM OF TECHNICAL SESSIONS 
KATE BUCHANAN ROOM, FOUNDERS HALL 
HUMBOLDT STATE UNIVERSITY 

0840 - 0900 WELCOME 

0900 - 1000 ORAL SESSION #1 

0900 - 0920 Dorothy J. M e r r i t t s :  Use o f  t h e  stream-gradi ent  index 
t o  i d e n t i f y  t e c t o n i c  c o n t r o l s  on f l u v i a l  systems, Cape 
Mendoci no t o  F o r t  Bragg , nor thwestern Cal i f o r n i  a 

0920 - 0940 Suzanne Hecker: Recurrence i n t e r v a l s  and t i m i n g  of 
Holocene f a u l t i n g  along a segment o f  t h e  c e n t r a l  
Nevada seismic b e l t  

0940 - 1000 Wi l l i am B. B u l l  and Pe te r  L. K. Knuepfer: Impact of 
Pleistocene-Holocene c l i m a t i c  change on h i l l s l o p e s  i n  
a humid, mesic watershed 

1'000 - 1040 COFFEE, TEA, COOKIE BREAK AND POSTER SESSION # I  

1040 - 1140 ORAL SESSION #2 

1040 - 1100 Steven L. Reneau, W i l l i am E. D i e t r i c h ,  Ronald I. Dorn, 
C. Rainer Berger, and Meyer Rubin: Landsl ides and 
c l i m a t i c  change i n  c o l  luviurn-mantled hol lows, c e n t r a l  
Cal i f o r n i  a 

1100 - 1120 Robert B. Jacobson: Magnitude and frequency o f  s lope 
f a i  1 ures, Marion County, WV 

1120 - 1140 L e s l i e  M. Reid: Eros ion and d e p o s i t i o n  i n  a d iscont inuous  
g u l l y  system 

1140 - 1300 LUNCH I N  COURTYARD 

1300 - 1400 POSTER SESSION #2 

1400 - 1500 ORAL SESSION #3 

1400 - 1420 Lee E. Benda: Runout and depos i t s  o f  d e b r i s  f l ows  i n  
t h e  Oregon Coast Range 

1420 - 1440 Gordon Grant: The e f f e c t  o f  t imber  harves t  a c t i v i t i e s  on 
t h e  channel morphology o f  some western Cascade streams 

1440 - 1500 Nick C. Varnum and V i c k i  L. Ozaki: Recent channel 
adjustments i n  Redwood Creek, CA 

1500 - 1600 COFFEE, TEA, C O O K I E  BREAK AND POSTER SESSION #3 



1600 - 1640 ORAL SESSION #4 

1600 - 1620 Joan Florsheim: Hydrau l i c  requirements f o r  
gravel  bar  format ion,  nor thwestern C a l i f o r n i a  

1620 - 1640 Randy D. K l e i  n: The r o l e  o f  organic  deb r i s  i n  channel 
e ros ion  and armor devel opment i.n d i  s turbed headwater 
streams 

POSTER SESSIONS: 

NORTHWESTERN CAL IFORN I A :  

1) Donna C. Marron, K. Michael Nolan, and Harvey M. Kelsey:  
Progress Report on a comp i l a t i on  o f  research done i n  t h e  
Redwood Creek bas i  n, Cal i f o r n i  a  

2 )  James H. Popenoe: Soi 1  -topography re1  a t i o n s h i p s  on s c h i s t  
i n Redwood Nat iona l  Park 

3)  Peter  D. Bromi r s k i  : Seismic r e f r a c t i o n  i n v e s t i g a t i o n  o f  
two ea r th f l ows  i n  Redwood Creek b a s i n  

4 )  Frank B ickner :  Geology and a l l u v i a l  h i s t o r y  o f  the South 
Fork Eel R i ve r  b a s i n  i n  Humbol d t  County, n o r t h e r n  
Cal i f o r n i  a  

5 )  Dick LaVen and D. A. Shor t :  Channel changes i n  t h e  B u l l  
Creek watershed: 1932 - 1984 

ELSEWHERE; 

6 )  K. Prestegaard, F. Van Ness, R. Henry, P. Goldschimdt, 
' and M. Garbee: Movement o f  t a l u s  on rock h i 1  l s l o p e s  

i n  Pennsyl vani a  

7 )  Sco t t  Lundstrom; Obsid ian h y d r a t i o n  d a t i n g  a p p l i e d  t o  
a f a u l t e d  g l a c i o - f l u v i a l  t e r r a c e  i n  t h e  upper Madison 
Val 1  ey , Montana 

8) Kent E. Snyder and Ray B. Bryant :  Slope processes and 
f r a g i p a n  express ion i n  s o i l s  o f  t h e  Salamanca Re-entrant  
(New York) . 



RUNOUT AND DEPOSITS OF DEBRIS FLOWS I N  THE OREGON COAST RANGE 

Lee E. Benda 

U n i v e r s i t y  of Washington 

Runout and d e p o s i t s  2f 46 d e b r i s  f l o w s  were  s t u d i e d  i n  
Knowles C r . ,  a  52 km b a s i n  u n d e r l a i n  by u p l i f t e d  marine  sand- 
s t o n e s  of t h e  Tyee/Flournoy f o r m a t i o n  l o c a t e d  i n  t h e  c e n t r a l  
Oregon Coast  Range. Debr is  f l o w s  eroded t o  bedorock 1st- and 
2nd- o r d e r  c h a n n e l s  w i t h  s l o p e s  g r e a t e r  t h a n  1 0  . D e p o s i t i o n  
of d e b r i s  f lows  r e s u l t e d  from r e d u c t i o n s  i n  s l o p e s  and in -  
c r e a s e s  i n  w i d t h s  of channe l s  and v a l l e y  f l o o r s ,  c o n d i t i o n s  
t h a t  were  o f t e n  encountered where 2nd- o r d e r  c h a n n e l s  i n t e r -  
s e c t e d  3rd- and h igher -  o r d e r  s t r e a m s .  I n  c a s e s  where d e b r i s  
f lows  e n t e r e d  and t r a v e r e s e d  3rd- o r d e r  c h a n n e l s ,  d e p o s i t i o n  

0 
would occur  a l o n g  mid-reaches of c h a n n e l s  a t  s l o p e s  of 4 .  

3 
D e p o s i t s  of d e b r i s  f lows  ranged from 2000-10,000 m and c o n t a i n e d  
l a r g e  volumes of wood and u ' ~  t o  20% c o b b l e  and b o u l d e r  s i z e d  
sed iments  (160-3000 mm). F l u v i a l  e r o s i o n  of d e b r i s  f l o w  
d e p o s i t s  i n c r e a s e d  w i t h  i n c r e a s i n g  d r a i n a g e  a r e a  above t h e  
p o i n t  of d e p o s i t i o n .  Thus d e p o s i t s  of d e b r i s  f l o w s  i n  upper  
b a s i n s  can dominate  l o c a l  channe l  morphology f o r  d e c a d e s ,  
whereas d e p o s i t s  of d e b r i s  f l o w s  i n  lower a r e a s  of t h e  b a s i n  
can b e  s e v e r e l y  eroded by f l o o d w a t e r s  p o t e n t i a l l y  g e n e r a t i n g  
d e b r i s  f l o o d s .  

Boulders  c o n t a i n e d  i n  d e p o s i t s  of d e b r i s  f l o w s  r e s i s t  f l u v i a l  
t r a n s p o r t  and remain a t  d e p o s i t i o n  s i t e s .  Th i s  r e s u l t s  i n  
d i s t r i b u t i o n s  of b o u l d e r s  i n  c h a n n e l s  t h a t  a r e  r e l a t e d  t o  
p a t t e r n s  of d e b r i s  f low a c t i v i t y .  Second-order c h a n n e l s  t h a t  
i n t e r s e c t  4th- and 5th- o r d e r  channe l s  a r e  s i t e s  of h i g h  
d e n s i t i e s  of b o u l d e r s  because  d e b r i s  f lows  c o n s i s t e n t l y  
d e p o s i t  a t  t h e s e  t r i b u t a r y  j u n c t i o n s .  F u r t h e r ,  d e p o s i t s  of d e b r i s  
f lows  t h a t  occur  a t  t r i b u t a r y  j u n c t i o n s  impinge on s t r e a m s  and 
i n d u c e  channe l  meanders. 

Recent d e b r i s  f l o w s  i n  Knowles Cr. have d e p o s i t e d  on f a n s  of 
d e b r i s  f l o w  m a t e r i a l  t h a t  a r e  a t  l e a s t  200 y e a r s  o l d .  T h e r e f o r e ,  
d e b r i s  f l o w s  t h a t  occur  c o n s i s t e n t l y  a t  t h e  same l o c a t i o n s  w i t h i n  
t h e  b a s i n  deve lop  d e p o s i t i o n a l  f e a t u r e s  t h a t  become a n  i n t e g r a l  
p a r t  of channe l  and v a l l e y  f l o o r  morphology. 



GEOLOGY AND ALLUVIAL HISTORY OF THE SOUTH FORK EEL RIVER BASIN 
I N  HUMBOLDT COUNTY, NORTHERN CALIFORNIA 

B ickner ,  Frank; Departments o f  Watershed Management and Geology, 
Humboldt S t a t e  U n i v e r s i t y ,  Arcata,  C a l i f o r n i a  95521 

2 The landscape o f  t h e  South Fork  Ee l  R i v e r  b a s i n  .(1750km ) of 
Nor thern  C a l i f o r n i a  i s  dominated by t h e  combined e f f e c t s  of r a p i d  
Qua te rna ry  t e c t o n i c , u p l i f t  and c l i m a t i c  changes. The South Fo rk  Ee l  
R i v e r  (SFER) between Garberv i  1 l e  and t h e  con f luence  w i t h  t h e  main 
stem Ee l  R i ve r  can be d i v i d e d  i n t o  t h r e e  d i s t i n c t  bas in /channel  
morpholog ic  reaches. The reaches a re  d e f i n e d  by d i f f e r e n t  t e r r a c e  
morphologies and s t r a t i g r a p h y ,  channel  s i n u o s i t y ,  h i l l s l o p e  processes 
and channel processes. 

Morpholog ic  reach 1  i s  c h a r a c t e r i z e d  by t h i r t e e n  nested t e r r a c e  
sur faces  3m, 4m, 6m, 8m, lorn,. 24m, 53m, 55m; - 78, 108m, 259m, 270m, 
and 308m above t he  SFER i n  t he  Garberv i  l l e  area. These t e r r a c e s  were 
examined i n  d e t a i l .  T e n t a t i v e  ages o f  t h e  t e r r a c e s  a re  based on 
r e l a t i v e  d a t i n g  and on an o v e r - s i m p l i f i e d  cons tan t -  i n c i s i o n -  r a t e  
model. The model genera l  l y  suppor ts  t h e  t e r r a c e  age groupings of ( 1 )  
Holocene ( 2 )  10-14,000 ybp (3 )  24-76,000 ybp ( 4 )  106-140,000 ybp and 
( 5 )  g rea te r  than 300,000 ybp. Shal low bedrock s i l l s  i n f l u e n c e  
g r a d i e n t  i n  t h i s  reach. 

Morpholog ic  reach 2  conspicuous ly  lacks  f l u v i a l  t e r r aces .  T h i s  i s  
due, i n  pa r t ,  t o  t he  h igh  down s l ope  movement r a t e s  o f  slump- 
e a r t h f  low complexes i n  t h e  F ranc i scan  Melange exceed; ng l a t e r i  a1 
r i v e r  c o r r a s i o n  ra tes .  Channel g r a d i e n t  i n  t h i s  reach  i s  i n f l u e n c e d  
by  h i g h  sediment p roduc t i on  and channel  armor ing by l a g  g rave l s  and 
bou 1  der s  . 

I n  morpholog ic  reach 3 t h e  a c t i v e  channel widens and s l ope  
g r a d i e n t  decreases. The channel i s  bordered by a  s e r i e s  of wide 
Holocene f i l l  t e r races  composed o f  overbank and s lack -wate r  depos i t s .  
S t r a t h  t e r r a c e s  are r e s t r i c t e d  t o  l a r g e  meander loop  l o c a t i o n s .  The 
Holocene f i  1  1  t e r r aces  become more extens i ve toward t h e  con f  1  uence o f  
t h e  SFER and t h e  main stem Ee l  R ive r .  D r i l l  and se ismic  da ta  i n d i c a t e  
t h a t  channel f i l l  i n  t he  lower 3.2km reach  i s  approx imate ly  10m deep 
i n c r e a s i n g  t o  14m near t h e  con f luence  w i t h  t he  main stem Ee l  R i ve r .  



SEISMIC REFRACTION INVESTIGATION OF TWO EARTHFLOWS I N  REDWOOD CREEK 
BASIN. BROMIRSKI , Peter  D. Watershed Management Department, 
Humboldt S t a t e  U n i v e r s i t y ,  Arcata,  CA. A se ismic r e f r a c t i o n  
i n v e s t i g a t i o n  was conducted a t  ea r t h f l ows .  l o c a t e d  a t  M iner  Creek 
and Counts H i l l  P r a i r i e  i n  t h e  Redwood Creek bas in .  The purpose 
of t h i s  s tudy  was t o  determine t h e  dep th  t o  t he  f a i l u r e  sur face .  
Seismic r e s u l t s  a r e  compared w i t h  i n c l  inometer  data.  Seismic 1 i nes  
of about 75m were r u n  t r ansve rse  t o  t h e  slope. T rave l  t ime  da ta  was 
taken  w i t h  a 12-channel seismograph u s i n g  exp los i ves  as t h e  source. 
A s i n g l e  channel ins t rument  was used t o  determine su r f ace  v e l o c i t y  
and depth. A sur face  l a y e r  and a deeper boundary were i d e n t i f i e d .  
A t  t h e  Miner  Creek s i t e ,  sur face l aye r .  t h i ckness  v a r i e d  f r om 1-2.5m 
w i t h  a v e l o c i t y  range o f  350-390m/s. The depth t o  t h e  deeper 
boundary averaged about 10m w h i l e  r ang ing  f rom 6-15m. The average 
depth of 10m t o  the  deeper boundary i s  c o n s i s t e n t  w i t h  t h e  8m p l u s  
i n f e r r e d  by I ve rson  (1984) from Miner  Creek i n c l i n o m e t e r  da ta  f o r  
shear zone depth i n  t h e  cen te r  o f  t h e  s l i d e .  The v e l o c i t i e s  f o r  
t h i s  zone v a r i e d  f rom about 800-1 100m/s, w h i l e  basement v e l o c i t i e s  
showed a v a r i a t i o n  o f  1225-1700m/s. The sha l low shear zone o f  about  
5m observed by I ve rson  a t  t h e  marg in  o f  t h e  a c t i v e  pop t i on  of t h e  
s l i d e  may be assoc ia ted  w i t h  movement o f  t h e  su r f ace  l a y e r  s i n c e  
t h e  cont inuous f a i l u r e  boundary determined s e i s m i c l y  i s  about  t w i c e  
as deep. The water  t ab le ,  as i n f e r r e d  f r om p iezometer  da ta  
(Iverson., 1984), was n o t  de tec ted  w i t h  t h e  r e f r a c t i o n  technique,  
i n d i c a t i n g  a r e l a t i v e l y  d i f f use  boundary. Resu l ts  f rom t h e  Miner  
Creek and Counts Hi1 1 s i t e s  a r e  compared and contra.sted. 



IMPACT OF PLEISTOCENEHOLOCENE CLIMATIC CHANGE ON HILLSLOPES 
IN A HUMID, MESIC WATERSHED 

William B. Bull, Geosciences Department, University of  Arizona, Tucson, AZ 
85721. and Peter L. K. Knuepfer, Department of Geological Sciences, Cornell 
University, Ithaca, NY 14853 

Aggradation and degradation rates of late  Quaternary streams are con- 
trolled by climate-change induced changes on watershed hillslopes. The rugged 
Charwell River drainage basin, South Island of New Zealand, is underlain by 
fractured graywacke, and ranges in altitude from 450 to  1600 m. Treeline is a t  
1200 m but may have been 1100 m lower during full-glacial climates (Soons, 
1962; Stevens, 1974) when periglacial processes favored high sediment yields and 
valley-floor aggradation. For slopes lower than 1200 m, change to a warmer 
Holocene climate was associated with increases in stream power because of 
more storm runoff as the rainfall/snow ratio increased. Concurrent decreases in 
sediment yield occurred because of marked decreases in periglacial processes as  
alpine vegetation was replaced with rain forest. These changes in hillslope 
processes caused the stream subsystem to change modes of operation from 
aggradation to degradation. Variations in water and sediment yield resulted in 
12 fill, cut, and strath terraces whose ages have been estimated by relative- 
absolute dating of cobble-weathering rinds and soil profiles. Latest Pleistocene 
valley aggradation was followed by an overall sequence of slow-rapid-slow 
channel downcutting. Holocene degradation ra te  probably varied as a function of 
how far removed the stream system was from threshold or equilibrium 
conditions. 



HYDRAULIC REQUIREMENTS FOR GRAVEL BAR FORMATION 
NORTHWESTERN CALIFORNIA 

Joan Florsheim, Dept. o f  Geology, U.C.S.B., Santa Barbara, CA 93106 

Channel bar  f o r m a t i o n  depends. m a i n l y  on slope, p a r t i c l e  size, and w i d t h  t o  
d e p t h  r a t i o .  Based on f i e l d  d a t a  f o r  15 n o r t h  c o a s t a l  g r a v e l - b e d  s t r e a m  
reaches ,  no r i f f l e s  o r  s t o r a g e  b a r s  a r e  p r e s e n t  a t  s l o p e s  o f  0.02 i n  r e a c h e s  
w i t h o u t  obstacles. A t  slopes g rea te r  than  0.02, s tep-pool  s t r u c t u r e  i s  common. 
Church and Jones' (1982) model, based on t h e  r e l a t i o n  o f  f l o w  depth t o  p a r t i c l e  
s i , ze  d e t e r m i n e s  t h e  maximum s l o p e  a l l o w a b l e  f o r  b a r  f o r m a t i o n .  The mode l  
agrees w i t h  our  f i e l d  da ta  when Parker and Klingeman's (1982) va lue  of .r*=0.035 
f o r  050 i s  used. F u r t h e r m o r e ,  b a r  morpho logy  i s  dependent  on t h e  r e l a t i o n  
between s lope and bed m a t e r i a l  s ize. 

The r e 1  a t i o n s h i p  between f l o w  i n t e n s i t y  and t h e  produc t  o f  channel s l ope  
and w i d t h  t o  d e p t h  r a t i o  deno tes  d i s t i n c t  f i e l d s  f o r  g r a v e l '  b a r  m o r p h o l o g y  
i n c l u d i n g :  s t o r a g e  b a r s  w i t h  r i f f l e s ,  s t o r a g e  b a r s  o n l y ,  and no  b a r s  ( w i t h  
step-pool morphology). Steep n o r t h  coast a1 streams would p robab ly  form bars  if 
mean p a r t i c l e  s i z e s  were sma l l e r  o r  w i d t h  t o  depth r a t i o s  were la rger .  



THE EFFECT OF TIMBER HARVEST ACTI'iITlES Oh' THE CHANNEL 
MORPHOLOGY OF SOME WESTERN CASCADE STREAMS 

Gordon Grant 
Graduate Research Assistant 
Johns Hopkins University 

This study was undertaken to determine whether channels with different 
management histories responded differently to a large storm event in 
December, 1964. Sequential aerial photographs were used to document 
channel response among a population of 38 fourth- and fifth-order 
channels located in the Oregon western Cascades. Analysis of 1959 and 
1967 aerial photos revealed that channel response, as indicated by 
enlargement or opening of the riparain corridor, was not independent of 
management conditions in headwater areas; most of the riparian opening 
initiated at landslides out of clearcut or roaded areas. Detailed field 
measurements were made to determine 1) what specific processes were 
responsible for producing channel opening, 2) what were the effects of 
channel opening, as observed in the photos, in terms of channel and 
v a l l e y  f l o o r  morphology, and 3)  t o  what e x t e n t  d i d  l o c a l  fea tu res ,  such 
as hillslope mass movements or bedrock outcrops, affect the degree to 
which channels opened. 

In order to address these questions, channel and valley floor units were 
identified, mapped and measured in three channels with different 
response and management histories. Channel units were identified based 
on their slope, geometry, particle size distributions, and relative 
roughness; identified units included pools, rapids, boulder cascades, 
and bedrock and log falls. Valley floor units were identified by their 
heights above the low-water channel, stratigraphy; age of units was 
bracketed by tree-ring dating. Identified valley units included active 
channel surfaces, floodplains, debris flow deposits, and terraces. The 
d i s t r i b u t i o n ,  frequency, sequence, and spacing o f  channel u n i t s  were 
compared for open and unopened channel segments. While the frequency of 
pools was somewhat less in the open segments, this result was not 
statistically significant. Local valley wall constraints, such as 
bedrock outcrops and earthflows that impinged on channels, exerted 
stronger controls on the distribution of channel units than did 
opening. On the other hand, distribution of valley floor units was 
different between open and unopened segments with signif icantl greater r percentages of the total valley area in floodplain or debris f ow unlts 
along open segments. Valley wall constraints played an important role 
in determining where floodplain or debris flow units were located. 

The implications of this study are: 1 )Management activities in headwater 
areas can result in differential response of downstream channels to a 
large storm event; channel response consists of an apparent en1 argement 
or opening of the riparian corridor and appears to be 1 inked with pulse 
sediment delivery into 'channels from lands1 ides; 2) Channel 
morphology, observed 20 years after the storm, does not appear to be 
significantly different between channels with different response 
histories, suggesting that channel recovery times are relatively rapid; 
3 )  Large storms can produce significant changes in the distribution of 
valley floor surfaces which has implications for the dynamics of 
riparian zone ecosystems; the correlation between managment activities 
and storm effects suggest that these changes are more likely to be found 
in logged basins, and 4 )  Valley wall constraints, such as earthflows 
and bedrock outcrops strongly influence the locat ion and distribution of 
channel and valley floor units in mountain streams. 



R E W N C E  INTERVALS AND TIMING OF HOLOCENE FAULTING ALONG A SEG- 
MENT OF 'THE CENTRAL NEVADA SEIS14IC BELT 

Hecker, Suzanne, Dept. of Geosciences, University of Arizona, 
Tucson, AZ 85721 

Several l ines  of evidence indicate tha t  the recurrence in terva l  of 
large-magnitude faulting has varied temporally during the Holocene 
along a portion of the central  Nevada seismic b e l t  t ha t  spans h i s -  
t o r i ca l  (1954) ruptures and an adjacent portion of the St i l lwater  
seismic gap. Alluvial fau l t  scarps tha t  o f f se t  a 1 2  ka shoreline 
evidence only one prehistoric of fse t  and thus are  amenable t o  morph- 
ologic age analysis. Diffusion equation modeling of scarp degrada- 
t ion ,  using the diffusion ra te  calculated fo r  the Bonneville and 
Lahonton shorelines, indicates a probable age of 2.7-3.0 ka f o r  the 
youngest prehis tor ic  surface rupture i n  the area. Sedimentation 
rates  in  a graben formed during the event, calculated from a buried 
ash un i t ,  constrain faulting t o  between about 2.0 and 5.0 ka and 
indicate a prefered age estimate of 3 . 2  ka. The faulting documented 
by the single-event scarps apparently was preceded by a t  leas t  8000 
years of l i t t l e  or no ac t iv i ty  along the f ront ,  as evidenced by sim- 
i l a r  displacement of early and mid-to-late Holocene fan surfaces. 

' 

Estimates of surface age resu l t  from placing quant i ta t ive s tudies  
of so i l -p ro f i l e  development ("Harden Indices") in to  an absolute age 
framework, using shorelines, evidence of Holocene s a l t  accumulation, 
and several dated so i l s .  

Recurrence intervals between major movements on individual 
f a u l t  zones during the Ho1o:eneevidently have varied from approxi- 
mately 3000 t o  8000+ years. Average long-term recurrence intervals  
of 7000-13,000 years and 6000-8000 years can be estimated fo r  the 
l a t e  Quaternary and the l a s t  10-13 m.y., respectively. In l i gh t  of 
these r e su l t s ,  average recurrence intervals  should be used with cau- 
t ion  when predicting shorter-term periods between events. 

Given dating resolution, the timing of prehis tor ic  Holocene 
faul t ing is essent ial ly  identical i n  the h i s to r i ca l ly  ruptured and 
unruptured sections of the study area,  suggesting tha t  the h i s to r i ca l  
pat tern of incremental f i l l i n g  of the central  Nevada seismic be l t  
with successive, large events may continue and eventually close the 
St i l lwater  seismic gap. Results of f au l t  scarp modeling and numer- 
i ca l  analysis of faulted and unfaulted s o i l s  show no d is t inc t ion  be- 
tween the age of scarps studied i n  the seismic gap and those i n  the 
area of 1954 dis~lacement.  



MAGNITUDE AND FREQUENCY OF SLOPE FAILURES, MARION COUNTY, WV 

Robert B .  JACOBSON, Department of Geography and 
Environmental Engineer ing,  The Johns Hopkins 
Un ive r s i t y ,  Ba l t imore ,  MD 21218 

A 33 y e a r  r eco rd  of  s l o p e  f a i l u r e s  c o n s t r u c t e d  
from t r e e  r i n g  d a t e s  of  197 f a i l u r e s  i n  Marion County, 
W V ,  p rov ides  d a t a  f o r  e v a l u a t i o n  of  t h e  magnitude and 
frequency of  t h e s e  even t s .  Allowing f o r  a  one t o  two 
year  l a g  f o r  t r e e  coloniza t ion  of f a i l u r e  sca rps ,  peaks 
i n  t h e  t ime s e r i e s  can be  c o r r e l a t e d  wi th  major runo f f  
even t s .  Peaks c o r r e l a t e  we l l  with t h e  annual  s e r i e s  
o f  maximum 30 day and maximum 7 day r u n o f f ;  t h e  s l o p e  
f a i l u r e  peaks do no t  c o r r e l a t e  we l l  wi th  annua l ,  
'maximum monthly, o r  maximum 24 hour p r e c i p i t a t i o n .  The 
g r e a t e s t  aggrega te  f a i l u r e  volume was produced i n  1963; 
t h e  g r e a t e s t  30 day runo f f  on r e c o r d ,  20.32 c m ,  was 
recorded  i n  s p r i n g  of  t h a t  y e a r .  

C o r r e l a t i o n  o f  f a i l u r e  volumes wi th  s p e c i f i c  
annual  30 day runof f  even t s  a l lows  e s t i m a t i o n  o f  t h e  
re la t ionship between aggregate f a i l u r e  volume and re-  
cur rence  i n t e r v a l  of  d r i v i n g  me teo ro log ica l  e v e n t s .  
Percentage of t h e  t o t a l  l andscape  s l o p e  f a i l u r e  volum Y .  9 
f i t s  a  power f u n c t i o n :  volume % = .032(30 day r u n o f f )  . 
The annual  s e r i e s  of maximum 30 day r u n o f f  e v e n t s  f i t s  a  
log-normal d i s t r i b u t i o n .  M u l t i p l i c a t i o n  o f  t h e  runo f f  
f requency d i s t r i b u t i o n  model by t h e  volume percentage  
model g i v e s  t h e  product  of f requency and magnitude f o r  a  
given amount o f  r u n o f f ,  a measure of t h e  cumulat ive geo- 
morphic work done a t  d i f f e r e n t  f r e q u e n c i e s  (Wolman and 
M i l l e r ,  1960) .  For t h i s  c a l i b r a t e d  model t h e  peak of 
t h e  magnitude x frequency product  cu rve  occu r s  a t  15 .0  
cm r u n o f f ,  corresponding t o  approximately 4 y e a r  r e -  
cu r r ence .  Hence, on t h i s  l andscape  where s l o p e  f a i l u r e  i s  
t h e  dominant e r o s i o n a l  and t r a n s p o r t  p r o c e s s ,  most 
geomorphic work occu r s  a t  moderate f r equenc i e s .  



The Role of Organic Debris in Channel. Erosion and Armor 
Development in Disturbe6 Headwater Streams 

Randy D. Kiein, Soii Conservationist, Redwood National 
Park, California 

A major part of the watershed restoration program in 
Redwood National Park, Humboidt County, . California, 
involves the excavation of fill material from stream 
crossings on former logging roads. The degree of channel 
erosion and armor development on 24 newly excavated stream 

. .crossings was measured following the 1982-83 winter runoff 
season. Other variables quantified reiatea to channel 
morphometry, stream power, and abundance and arrangement 

, :? 

of organic debris. 
Drainage areas above the study reaches varied in size 

from 1.6 to 3 7 . 2  ha. Peak flow during the study period 
occurred during a rainfall event of three years recurrence 
intervai. 

Channel adjustments observed included : 1 )  
downcutting, 2) lateral cutting, 3) armoring, 4 )  
development of boulder/cobble cascades and organic 
knickpoints, and 5) changes in stream gradient. The 
magnitude of adjustments was iargeiy dependent upon the 
adequacy of supply of channel-stabilizing materials 
relative to stream power. Organic debris and boulders 
accumulated in varying amounts and spatial distributions 
in the study reaches by either: 1) fluvial transport from 
upstream, or 2) exhumation during downward or lateral 
cutting. 

Organic debris was found to be, important in 
controlling channei scour and armoring requirements. 
.Interlocking accumulations of organic debris evolved into 
stable (at least in the time scale of the study) 
knickpoints at variably spaceci intervals. They function 
as local profile controls and sediment traps. 

The proximity of organic debris jams to one another 
regulated the amount of scour occurring: the greater the 
distance between them, the greater the amount of 
intervening scour. In stream reaches where the organic 
debris supply was plentiful, profiles assumed 
stair-stepped configurations following minimai scour. 
Where these materials were less abundant, channel scour 
was more extensive and profiles assumea an exaggerated 
concave upward configuration. 

Reaches which contained iittie or no organic debris 
experienced the greatest shift toward coarser channel bed 
sediments. Channel armoring materials, consisting chiefly 
of cobbie-sized particles, were derived by lag 
accumulation from eroding bed and bank materials. 



CHANNEL CHANGES I N  THE BULL CREEK WATERSHED: 1932 - 1984 

LaVen , Dick, Ea r th  Sciences and Resources program, U .C. Davis , 
and D. A .  Short ,  Watershed Management Department, Humboldt 
S ta te  U n i v e r s i t y .  

Channel changes i n  the  B u l l  Creek Watershed (105 km2), Hum- 

b o l d t  County, Cal i f o r n i a  , have been documented' through a i  r photos 

and f i e l d  survey data. A i r  photos taken p e r i o d i c a l l y  s ince  1932 show 

channel widening and the  progradat ion o f  a d e l t a  a t  t he  confluence o f  

B u l l  Creek w i t h  the South Fork Eel R ive r  s ince  1954. These channel 

changes e i t h e r  co inc ide  w i t h  o r  f o l l o w  c l o s e l y  behind widespread 

watershed d is turbances;  i .e. , logg ing ,  roadbui  l d i n g ,  and f i r e .  
Over 60% o f  the  upper 67 km2 of the  B u l l  Creek watershed was 

logged between 1947 and 1965. Many t r i b u t a r i e s  responded t o  t h i s  

widespread d is turbance by channel widening and aggradat ion.  The most 

pronounced o f  these was the 10.3 km2 Cuneo Creek, basin.  H i s t o r i c  a i r  

and ground photos and o n - s i t e  evidence i n d i c a t e  t h a t  a minimum of 6 m 

of aggradat ion and up t o  100 m o f  channel widening occur red  i n  t h e  

lower reaches o f  Cuneo Creek between 1953 and 1964. 

Channel change was a l s o  ev iden t  i n  t h e  lower watershed. 

Survey data from the lower reaches o f  B u l l  Creek (9,000 m) show 
aggradat ion i n  excess of 2 m fo l l ow ing  the  1955 f l o o d  and a n e t  

aggradat ion o f  up t o  5 m fo r  the  p e r i o d  1961 - 1983. The lower  

channel has been excavated tw ice  (1956 - 1963 and 1965 - 1969) du r ing  

t h i s  p e r i o d  o f  aggradat ion. B u l l  Creek has apparent ly  l o s t  t he  

a b i l i t y  t o  t r a n s p o r t  coarse bedload s ince 1975. Th i s  i s  supported by 

p l o t s  o f  6, 6, and m exponents o f  channel geometry u s i n g  Rhodes' 

(1977) T r i a x i a l  method. Fur ther  v e r i f i c a t i o n  i s p rov ided  by regres-  

s ions o f  g (c ross-sec t iona l  area)  and m exponents o f  channel geo- 

metry aga ins t  t ime. I n  bo th  cases, aggradat ion over t ime  i s  

s t a t i s t i c a l l y  s i g n i f i c a n t .  

Low sediment d ischarge runs on a phys i ca l  model of the  B u l l  

Creek-South Fork Eel R ive r  confluence rep1 i ca te  the  channel bedforms 

shown i n  the  1932 a i r  photos. High sediment d ischarge model runs 

suggest t he  B u l l  Creek d e l t a  t o  be the  product  o f  aggradat ion  i n  

bo th  stream systems. 



OBSIDIAN HYDRATION DATING APPLIED TO A FAULTED 
GLACIO-FLUVIAL TERRACE I N  THE UPPER MADISON VALLEYpMONTANA 

LUNDSTROI?, S c o t t  C . , Depar tment  of Geology,  ~ u m b o l d t  
S t a t e  U n i v e r s i t y ,  A r c a t a ,  CA 95521 
A key s i t e  t o  t h e  i n t e r p r e t a t i a n  of t h e  L a t e  Q u a t e r n a r y  
c h r o n o l o g y  of  t h e  Madison Ranqe f a u l t  o c c u r s  where  two 
f l u v i a l  t e r r a c e s  of t h e  Madison R i v e r  below E a r t h q u a k e  Lake 
a r e  d i s p l a c e d .  The lower  t e r r a c e ,  a t  a p p r o x i m a t e l y  5m 
a b o v e  p r e s e n t  c h a n n e l  l e v e l  on t h e  upthrown s i d e  of t h e  
f a u l t ,  i s  composed of c o a r s e  b o u l d e r y  g r a v e l  w i t h  
i n t e r m e d i a t e  b o u l d e r  d i a m e t e r s  up t o  3m and  i s  c o n s i d e r e d  
t o  b e  a  j o k u l h l a u p  t y p e  f l o o d  d e p o s i t  r e l a t e d  t o  upcanyon 
i c e  damming of  t h e  Madison R i v e r  by t h e  Beave r  Creek  
g l a c i e r  t e r m i n u s .  One e x p o s u r e  shows a  p o s s i b l e  b u r i e d  
s o i l  m a n i f e s t e d  by an  i n c r e a s e  i n  f i n e s  and  m a t r i x  
c a r b o n a t e  a t  2m d e p t h , w h i l e  a t  t h e  s u r f a c e  i s  a  weakly 
d e v e l o p e d  s o i l  ( A / B w / C )  . 

O b s i d i a n  g r a n u l e s  (2-3mm), g l a c i a l l y  a n d  f l u v i a l l y  
e r o d e d  and t r a n s p o r t e d  from t h e  Y e l l o w s t o n e  c a l d e r a ,  were 
f o u n d  i n  t h e  s andy  m a t r i x  w i t h i n  and  above  t h e  b u r i e d  s o i l ,  
a n d  were  examined i n  t h i n  s e c t i o n  t o  measu re  t h i c k n e s s  of  
y o u n g e s t  h y d r a t i o n  r i n d s  on g r a n u l e  s u r f a c e s  a n d  c r a c k s .  
T h i n  r i n d s  above  t h e  b u r i e d  s o i l  a v e r a g e  9.3um i n  t h i c k n e s s  
( s . d . = l . O ) ,  whe reas  t h i n  r i n d s  w i t h i n  t h e  b u r i e d  s o i l  
a v e r a g e  9.8um ( s . d . = 1 . 2 )  . T h i c k e r  r i n d s  up t o  40um a r e  
t h o u g h t  t o  represent  previous abrasion events and remnants 
of  o r i g i n a l  c o o l i n g  c r a c k s ,  a n d  a r e  e x c l u d e d  f rom 
c a l c u l a t i o n s  of means.  

Use of t h e  h y d r a t i o n  r a t e  c u r v e  d e v e l o p e d  by P i e r c e  e t  
a 1  (1976), and  a d j u s t m e n t  of v a l u e s  f o r  h i g h e r  h y d r a t i o n  
r a t e s  a t  lower  a l t i t u d e  and assumed warmer s i t e  
t e m p e r a t u r e ,  a l l o w  c o r r e l a t i o n  t o  an a g e  a s s i g n m e n t  of 
a p p r o x i m a t e l y  30,000 y r s  o l d  f o r  most  r e c e n t  a b r a s i o n  of  
g r a n u l e s  d e p o s i t e d  a t - t h i s  s t u d y  s i t e .  The p o s s i b l e  b u r i e d  
s o i l  w i t h  s l i g h t l y  t h i c k e r  r i n d s  s u g g e s t s  t h a t  some of t h e  
l o w e r  t e r r a c e  g r a v e l  was d e p o s i t e d  d u r i n g  an  e a r l i e r  s t a d e  
of P i n e d a l e  time. 



Progres s  r epo r t  on a  compi la t ion  of r e s e a r c h  
done i n  t h e  Redwood Creek b a s i n ,  C a l i f o r n i a  

by Donna C. Marron, U.S. Geologica l  Survey,  Denver, Colorado 
K.  Michael Nolan, U.S. Geologic.al Survey,  Pienlo Pa rk ,  C a l i f o r n i a  

Harvey M. Kelsey,  Western Washington Un ive r s i t y ,  Bellingham, Washington 

Concern about  t he  e f f e c t s  of t imber  h a r v e s t  on r e s o u r c e s  of Red- 

wood N a t i o n a l  Park s t imula ted  ex t ens ive  s tudy  of geomorphic p roces se s  

and a q u a t i c  h a b i t a t  i n  the  Redwood Creek b a s i n ,  C a l i f o r n i a .  Much of 

t h e  r e s e a r c h  between 1973 and 1983 i s  summarized i n  "Geomorphic proc- 

esses and a q u a t i c  h a b i t a t  i n  t h e  Redwood Creek b a s i n ,  nor thwes te rn  

Cal i fornia ,"  Nolan, K .  N., Kelsey, H.  M . ,  and Marron, D.  C . ,  eds . :  U.S. 

Geolog ica l  Survey P ro fe s s iona l  Paper,  i n  p rog re s s .  The volume i n c l u d e s  

work by 31 i n v e s t i g a t o r s  from t h e  U.S. Geologica l  Survey,  t h e  Na t iona l  

Park S e r v i c e ,  and s e v e r a l  o t h e r  i n s t i t u t i o n s .  Inc luded  a r e  a  summary 

paper ;  3 pape r s  on geology, s torms,  and land  use ;  13 pape r s  on e r o s i o n  

and sed iment  t r a n s p o r t ;  and 5 papers  on a q u a t i c  h a b i t a t .  

Pape r s  examining e ros ion  and sediment  t r a n s p o r t  are grouped i n t o  

3 s e c t i o n s :  h i l l s l o p e  processes ,  h i l l s l o p e  and channe l  p roces se s ,  and 

channe l  p roces se s .  The h i l l s l o p e - p r o c e s s e s  s e c t i o n  examines major land-  

s l i d e  t y p e s ,  c r eep ,  sheetwash, and r i l l i n g ,  and g u l l y i n g .  The 
h i l l s lope-and-channel  p rocesses  s e c t i o n  examines r e l a t i o n s  between h i l l -  

s l o p e  e r o s i o n ,  stream-sediment s t o r a g e ,  and stream-sediment y i e l d s .  

Many o f  t h e  channel  p rocesses  examined i n  t h e  t h i r d  s e c t i o n  caused .  

s e v e r e  geometry changes i n  response t o  a  major s torm i n  December 1964. 

Pape r s  examining a q u a t i c  h a b i t a t  d e s c r i b e  t h e  g e n e r a l  a q u a t i c  b i o t a  and 

c o n t r o l s  on h a b i t a t - r e l a t e d  cond i t i ons ,  i n c l u d i n g  water chemistry and 

t empera tu re .  E f f e c t s  of t imber  h a r v e s t  on n a t u r a l l y  occu r r ing  condi- 

t i o n s  and p roces se s  a r e  d i scussed  i n  most papers  i n  t h e  volume. 

The volume desc r ibes  a  d e l i c a t e  landscape  t h a t  i s  s e n s i t i v e  t o  l a n d  

use  and major s torms.  The r ap id  r a t e  a t  which p r o c e s s e s  o p e r a t e  i n  t h e  

b a s i n  f a c i l i t a t e d  f requent  0-bservat ions of  change ove r  a  r e l a t i v e l y  

s h o r t  p e r i o d  of time, enabl ing  r e s e a r c h e r s  t o  base  conc lus ions  on an  

unusua l ly  l a r g e  c o l l e c t i o n  of d a t a .  R e s u l t s  p r e sen t ed  a r e  e x c e p t i o n a l  

due t o  t h e  i n t e n s i t y  and i n t e r d i s c i p l i n a r y  n a t u r e  of t h e  r e sea rch  

e f f o r t .  



USE OF THE STREAM-GRADIENT INDEX TO IDENTIFY TECTONIC 
CONTROLS ON FLUVIAL SYSTEMS, CAPE MENDOCINO TO FORT BRAGG, 
NORTHWESTERN CALIFORNIA 

Dorothy J. Merritts, Department of Geosciences, University of Arizona, Tucson, 
AZ 85721 

The influence of different rates of uplift on geomorphic processes and 
landscapes is best examined where uplift rates vary, but where climate, lithol- 
ogy, and geomorphic age are nearly constant. There are few areas in North 
America where these conditions are so closely met as in northwestern California, 
near the Mendocino triple junction. Late Quaternary uplift rates vary by an 
order of magnitude in 150 km, from 0.3 m/ka a t  Fort Bragg to  about 4 m/ka near 
Cape Mendocino (Lajoie e t  al, 1982). Highest rates  of uplift are probably 
spatially related to northward passage of the triple junction and its present 
geometrically unstable configuration. A highly seasonal humid, mesic climate 
prevails in this region. The lithologically similar King Range and Coastal 
terranes (Franciscan assemblage) consist of deformed and weakly metamor- 
phosed argillites and sandstones of Upper Cretaceous to mid-Tertiary age. 

A potentially powerful geomorphic tool, the stream gradient (SL) index, 
describes fluvial responses to different rates of uplift. SL values and longitu- 
dinal profile forms were compared for basins in areas with low, moderate, and 
high rates of uplift. Values of the SL index are products of gradient and stream 
length from the drainage divide. They are sensitive to changes in slope and 
therefore stream power. In low uplift areas, longitudinal profiles generally are  
concave, and SL values gradually decrease downstream (635-125). SL values are 
much higher for moderate uplift areas (796-431), and the profile form is very 
irregular, with alternating reaches of high and low SL values. SL values for 
streams in the highest uplift rate  area 'are exceedingly high (2000-435). Profile 
form is typically convex and steep in upper reaches, and progressively more 
concave downstream. Significant and easily recognized differences in SL values 
and longitudinal stream profiles are useful for classifying tectonic activity in 
this region. 



SOIL-TOPOGRAPHY RELATIONSHIPS ON SCHIST 
I N  REDWOOD NATIONAL PARK 

James H. Popenoe 
Redwood Nat iona l  Park 

S o i l  p a t t e r n s  on s c h i s t  i n  Redwood Nat iona l  Park a r e  c o r r e l a t e d  
wi th  o v e r a l l  s lope  p o s i t i o n  and, l o c a l l y ,  w i t h  r e l i e f  and bed- 
rock competence. Degree of s o i l  p r o f i l e  exp res s ion ,  measured by 
depth of hor izonat ion ,  reddening and c l a y  accumulation, i s  most 
obviously c o r r e l a t e d  wi th  p o s i t i o n  i n  bas ins  a s  a  whole. 
U l t i s o l s  w i t h  reddish  (5YR t o  2.5YR) c l a y  B t  ho r i zons  ( T r a i l -  
head and For tyfour  s e r i e s )  a r e  confined t o  h ighe r ,  g e n t l e r  slopes, 
where e r o s i o n a l  a c t i v i t y  has  been low f o r  a  long time. I n c e p t i -  
s o l s  wi th  brownish (10YR t o  7.5YR) c l a y  loam B ho r i zons  (Ahpah, 
Coppercreek and Lackscreek s e r i e s  a r e  t h e  dominant s o i l s  on s t e e p  
middle and lower s lopes .  S o i l s  w i t h  gray o r  mot t led  C ho r i zons  
(Devilscreek and El fcreek  s e r i e s )  occur  along streams and i n  wet 
hollows unde r l a in  by f a i l i n g ,  incompetent bedrock. 

Kind and degree of s o i l  development i s  determined by and c l o s e l y  
c o r r e l a t e d  wi th  r a t e s ,  f requencies  o r  t ypes  of n a t u r a l l y  occu r r ing  
hydrologic,geomorphic and pedogenic processes .  S o i l s  wi th  l i t t l e  
development occur  both along s tream channels ,  where t h e r e  i s  t h e  
h igher  natural r a t e  o r  frequency of movement, and on t h e  h ighes t  

peak where rates of e ros ion  and pedogenesis may be low. 

Depth of r e g o l i t h  i s  mostly a  func t ion  of sma l l  s c a l e  r e l i e f  and 
i t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  o v e r a l l  p o s i t i o n  i n  t h e  watershed.  
S o i l s  and r e g o l i t h  tend t o  deepen downslope from both  main and 
spur  r i dges .  The deeper s o i l s  (Coppercreek, Devi l screek  and T r a i l -  
head) tend t o  be on r e l a t i v e l y  s t r a i g h t  o r  concave topographic  
su r f  aces .  The shal lower s o i l s  (Ahpah, Fo r ty fou r  and Lackscreek) 
a r e  on convex, r e l a t i v e l y  s t e e p  o r  h igh  a r t a s ,  u s u a l l y  a s s o c i a t e d  
wi th  more competent bedrock. Depth of r e g o l i t h  can be  i n t e r p r e t e d  
a s  a  func t ion  of l o c a l  sediment a v a i l a b i l i t y .  



Movement of ta,lus on rock hi 1 lslopes in Pennslyvania 
. ' 

Prestegaard, K., Van Ness, F , ,  Henry, R . ,  Goldschmidt., P . ,  and 
Garbee, M . ,  Dept, of Geology, Franklin and Marshal 1 College, Lancaster, 
PA 17604 

The h i l l  regions of southcentral Pennslyvania commonly contain 
areas with steep hi l lslopes covered by ta lus  blocks, Recent research 
on similar hil lslopes in Virginia has shown that  many of these ta lus  
f ie lds  are active under present conditions, rather than vestiges of 
Pleistocene peri glaci a1 processes as was t h o u g h t  e a r l i e r .  

We s e t  u p  a study to  monitor the rates  of movement on two of these 
ta lus  slopes near the Susquehanna River. Our goal was to  determine 
rates of movement on two slopes with different  slope angles, and to  
see i f  we could determine the main movement mechanisms or  a t  leas t  
determine the major factors controlling rock movement on these h i l l -  
slopes. 

The f i r s t  study area i s  an almost bare ta lus  slope in a small 
watershed that  i s  mainly covered by Eastern hemlock fores t ,  On t h i s  
slope, movement was monitored by surveying the location of marked 
surface par t ic les ,  and by using the accumulation or  removal of par t ic les  
near t rees  to  determine movement rates for  the past 100 years. The 
surface surveys indicate that  there has been no recent movement of the 
par t ic les  over a 6-month period. The vegetative evidence suggests tha t  
the average rate of movement of par t ic les  has been about 6 mmlyear, In 
some locations,  mainly in small swales or  near stream channels, the 
rates of movement appear to  be higher, averaging 10-35 mm/year. Veget- 
ative evidence was not useful in determining part ic le  movement rates  on 
the second hi l ls lope,  so a t  the present, movement rates are  available 
only for  one hil lslope. 

The mechanisms of rock movement are not easi ly  determined on these 
hi1 lslopes. The part ic les  are large,  with an average b axis length of 
50 cm and an average c axis length of .90  cn. The part ic les  are elong- 
ated tabular blocks and the i r  long axis i s  generally oriented in the 
mean downslope direction. On the f i r s t  hi l ls lope,  the angle of internal 
f r ic t ion  of the material was determined by studying a small t ranslat ional  
landslide t h a t  formed due t o  undercutting by an ad j acen t  stream. The 
f r ic t ion  angle of the material appears to  be about 35 degrees, which i s  
quite close to  the average 33 degree angle for  the enti re hi 1 lslope. 
Study of th i s  small landslide also indicated that  most of the blocks 
moved by s l iding,  with very l i t t l e  rotational movement of any given 
block. This suggested that the par t ic les  could potentially move down 
slope with the same surface exposed a t  a l l  times. Lichen growth on 
the tabular blocks then would not be a good technique to  use to  determine 
parti cle movement rates .  

In order t o  determine the possible role of subsurface water flow 
on the movement of these tabular blocks, we instal led a grid of gypsum 
blocks a t  various depths within each ta lus  f i e ld .  The weight loss of 
each gypsum b lock  should be a f u n c t i o n  o f  t h e  f l o w  v e l o c i t y  through 
the ta lus .  Comparison of surface par t ic le  movement rates and water 
flow rates may give us a bet ter  picture of the movement processes 
as we monitor these hil lslopes over the next few years. 



Erosion and deposition in a discontinuous gully system 

Leslie M. Reid 
Geological Sciences, Univ. of Washington, Seattle 

A recent episode of arroyo-cutting in northern Tanzania indicates 
that changes in hillslope conditions such as vegetation cover, infil- 
tration rate, and microtopography can trigger profound changes in 
channel density and morphology. An understanding of the mechanisms by 
which such control is exerted would greatly aid both evaluation of the 
stability of channel networks subjected to changes in climate or land 
use, and interpretation of the climatic significance of valley fills 
and terraces. 

Channel form reflects the balance between sediment transport cap- 
acity in a channel, sediment input to the channel, and erodibility of 
the channel bed and banks, and each of these factors is strongly influ- 
enced by hillslope conditions. In order to quantify these relations, 
discontinuous gully systems representing intermediate stages in the 
expansion of drainage networks have been monitored for 2 years with the 
intent of constructing sediment and water budgets for the gullies. 
Field measurements are being combined with analytic flow-routing models 
and shear stress measurements from a scale-model flume to construct a 
model capable of evaluating the stability of a channel network under 
given hillslope conditions. 

The monitored sites are grazed, alluvium-filled, grassland valleys 
of the eastern San Francisco Bay area, where ephemeral quickflow is 
generated on cracking clay soils by overland flow. The discontinuous 
gullies form as a series of pits in unchannelled grassy swales. 
Comparison of maximum shear stress in the swales during extreme storms 
with minimum critical tractive force for those surfaces suggests that 
the pits must have formed at unvegetated sites; recently formed pits 
are associated with trail crossings, hoof prints, and ground-squirrel 
colonies. Pits enlarge and deepen by trampling, traction, dry ravel, 
and plunge-pool erosion, until the headcut and walls are high enough 
to induce toppling and slumping of crack-bound soil blocks during the 
wet season. Soil blocks deposited in the pool are broken down during 
the dry season by desiccation and trampling, producing a mantle of 
1- to 32-mm clasts. Wet season flows then transport the clasts as 
rapidly disintegrating gravel and redeposit them on the downstream lip 
of the pool, while some finer-grained sediment is deposited in the 
vegetated swales between pools. Sequential air photos show that the 
headcut, pool, and lip migrate upstream as a unit, moving at a relat- 
ively uniform rate of 20 to 50 cm/yr; these migrating forms constitute' 
the discontinuous gullies. 

By 10 years after passage of the headcut the once-vertical walls 
have retreated to an angle of about 15O and are revegetated. The 
presence of hoofprints and associated terracette failures on the walls 
suggest that much of the retreat is due to trampling, and this effect 
is being evaluated by monitoring differences in morphology and process 
rates between grazed and exclosed gullies. Air photos spanning 45 
years show little change in morphology of the ch.anne1 despite the 
headwa-rd migration of the gullies, suggesting that under some condi- 
tions these discontinuous channels may be effectively stable. Obser- 
vations in East Africa indeed show this to be the predominant channel 
form in some undisturbed grasslands. 



LANDSLIDES AND CLIMATIC CHANGE IN 
COLLUVIUM-MANTLED HOLLOWS. CENTRAL CALIFORNIA 

Steven L. Reneau, William E. Dietrich 
University of California, Berkeley 

Ronald I. Dorn, C. Rainer Berger 
University of California, Los Angeles 

Meyer Rubin 
United States Geological Survey, Reston, Virginia 

Bedrock hollows, mantled with thick deposits of colluvium, a re  
abundant in many soil-mantled landscapes. The hollows lie upslope of 
drainage channels, have characteristic U- or V-shaped cross sections, and 
commonly contain 2-4 m of colluvium, although deposits may exceed 10 m in 
thickness. They have been recognized as the dominant source of shallow 
landslides in many regions, the landslides constituting a major source of sed- 
iment and a significant geologic hazard. Topographically-induced conver- 
gence of colluvial debris results in long-term deposition along the axes of the  
hollows, with recurrent  but  infrequent landslides eroding the stored debris. 
The landslides a re  generally triggered by relatively long duration-high inten- 
sity storms, such as  the 1955, 1964, and 1982 storms in California. Field 
study of landslide scars indicates that  landslides and subsequent erosion 
often expose large areas of the underlying bedrock, although frequently the 
colluvium in a hollow is only partially evacuated. Many landslides only re- 
move upper horizons o r  do not extend the total length of the deposit, and 
the  resulting depositional his tory in a hollow may be complex. 

Charcoal collected from basal colluvium in hollows in the Coast 
Ranges of central California has yielded dates of 9000-21,000 yrs B.P., with a 
strong clustering from 11-14,500 B.P. The dates indicate that  the  last evacu- 
ation of colluviurn down to bedrock a t  most of these sites was during the 
waning stages of the  Late Wisconsin glacial period. We propose that  the  thick 
colluvial deposits record the  effects .of regional climatic change, specifically 
the  frequency of long duration-high intensity storm events. The dates sug- 
gest that  the latest-Pleistocene was characterized by a high frequency of 
these storms, resulting in frequent landslides and major erosion of colluvium 
from the hollows. A reduced frequency of storms in the early Holocene would 
have allowed thicker accumulations of colluvium to develop. This hypothesis 
is consistent with available paleoclimate reconstructions based on sea sur- 
face temperatures. It suggests that  sediment flux through the hollows is 
sensitive to  long-term climatic fluctuations, and that  much of the  colluvium 
stored in hollows accumulated during periods with a reduced frequency of 
storms capable of triggering landslides. The abundant modern landslides 
may partially reflect an increased storm frequency in the late Holocene, and 
a trend towards instability in some deposits due to pedogenically-controlled 
changes in soil properties. 



Slope processes and fragipan expression in soils of the 

Salamanca Re-entrant (New York) by Kent E. Snyder and 

Ray B. Bryant, Cornell University, Ithaca, NY 14853 

The relative importance of geologic vs pedogenic 
processes in the formation of fragipan horizons is a 
long standing question. The objective of this research 
was to evaluate the influence of slope processes and 
landscape evolution on the spatial distribution and 
e x p r e s s i o n  of  f r a g i p a n s  in t h e  unglaciated Salamanca 
Re-entrant, Fieldwork and thermoluminescence dating 
suggest that the area has experienced substantial slope 
modification prior to and during the Late Wisconsinian 
(17,000 - 12,000 BP); evidence for this includes 
numerous large debris flows, buried/truncated rotational 
slumping, and at least two seperate periods of colluvial 
valley filling, Interpretations of local and regional 
pollen spectra suggest a tundra-like vegetation at that 
time. A series of excavations were made along a tran- 
sect in a first-order stream headland. In the valley 
floor 2.5 to 3 meters of colluvium was present. The 
colluvial mantle thinned to less than 1 meter at the 
summit, All sites, except the shoulder and summit 
positions, had compact colluvial material similar to that 
characteristic of fragipan horizons. Colluvium in the 
fo~tslope/upper toeslope showed the best fragipan char- 
acter (i.e., well developed prismatic structure, brittle 
peds and firmness). Bulk density values of 1.8 to 1,9 
g/cm3 have been recorded in such material. Prismatic 
structure was better developed in the footslope and toe- 
slope positions than the backslope. Overall, brittleness 
was best expressed in loam textures without regard for 
position, For comparison, several pits were dug in the 
footslope/toeslope position of a large (26 ha) debris 
flow down valley, The soils developed in this deposit 
were similar to those in footslope/upper toeslope 
positions in the transect. Although they had well 
expressed prisms and were firm, they lacked brittleness 
when moist. The flow material had bulk density values 
of 1.7 to 1.8 g/cm3, 



205 
RECENT CHAKNEL ADJUSTMEKTS I K  REDWOOD CREEK,CA 

Varnum, Nick C. and Ozaki, Vicki L . , R e d w o u d  
National Park, 791 - 8th St., Arcata, CA 95521 

The channel configuration of Redwood Creek has changed 
dramatically since the early 1950's. Large sediment loads 
were introduced into the channel resulting from several 
large floods and associated streamside landsliding and 
gullying on cutover lands throughout the basin. 
Sedimentation during the 1964 flood (50 year recurrence 
interval ( R I ) )  increased valley floor stored sediment by a 
factor of 1 . 5 .  Subsequent moderate to high flows have 
added and redist.ributed sediment in the channel. By 1980 
there was little net change in the total volume. Since 
1974, annual channel cross section surveys along 100 km of 
the channel and longitudinal profiles of the downstream 20 
km document. channel response to discharge and sediment 
load. 

Surveys since 1974 verify that the upstream third of 
the channel has degraded substantially. In some reaches 
the streambed has downcut to near pre-1964 levels. 
Following a sedimentation pulse during the 1975 flood 
(RI-25 years) the middle third of the channel has continued 
to downcut in wide channel areas. In areas of narrow 
channels, cross sections have changed very little during 
the last 2-4 years. 

Upstream reaches of the lower 20 km of the channel are 
continuing to degrade after a major pulse of aggradation in 
1975. In 1977 the upstream, trailing edge of aggradation 
began to move downstream, and, by 1984 had moved 6 km from 
the top of the reach. As upstream areas of this reach 
degraded, a low flow channel has become vertically incised 
into adjacent gravel bars with relatively 1itt.le lateral 
erosion. Degradation in this reach was accompanied by 
decreased channel gradients, increased pool and riffle 
development and increased streambed material sizes. 

Aggradation has been occurring in the downstream 
sections of this reach since at least 1974 and probably 
since 1964. Low flow channels in aggraded reaches typically 
shift position annually. Present gravel bar surfaces above 
bankside vegetation lines indicate a new, higher bankfull 
elevation. Channel gradients have increased in the lower 
half of the aggraded reaches. Pool and riffle development 
and streambed material sizes have both increased since 
1977, but less than in degrading sections of this reach. 
The downstream, leading edge of aggradation is less well 
defined than the upstream edge, but appears to have moved 
from 14 to 17 km from the top of this reach since 1975. 

Gaging stations monitoring the upstream third of the 
channel and near the mouth indicate that present sediment 
transport has decreased about 40 percent from pre--1977 
conditions at flows of R I = 1 . 5  years. In addition, surveys 
indicate that during years with peak flows less than RI=1.5 
years, the entire channel may show downcutting. Recovery 
of the lower Redwood Creek channel probably depends on 
further depletion of upstream sediment supply and continued 
years of moderate to low flows. 


