
n
s
r
C
f
t
n
P
g
d
p
o
a
c
h
o
t
t
u
g

n
1
a
C
a
C
n
f
t

Quaternary Research52, 217–228 (1999)
Article ID qres.1999.2061, available online at http://www.idealibrary.com on
Development of a Late Quaternary Marine Terraced Landscape
during On-Going Tectonic Contraction, Crescent City

Coastal Plain, California

Michael Polenz

GeoEngineers, 252 Hillsdale Street, Eureka, California 95501

and

Harvey M. Kelsey

Department of Geology, Humboldt State University, Arcata, California 95521

Received January 8, 1998
ate
oie
rpo
the
lly
nt
in

ida
n

cal

m ter-
r arine
t verly-
i con-
n sand
i age,
f the
s otec-
t

and
d de-
f enz,
1 any
m char-
a d the
c der-
l ns are
e aces,
a lation
b races
t egon
( 994).

, the
c phic
u allu-
v arine
a rnia
D elief,
t arting
p into
p stern
The Crescent City coastal plain is a low-lying surface of
egligible relief that lies on the upper plate of the Cascadia
ubduction zone in northernmost California. Whereas coastal
eaches to the north in southern Oregon and to the south near
ape Mendocino contain flights of deformed marine terraces

rom which a neotectonic history can be deduced, equivalent
erraces on the Crescent City coastal plain are not as pro-
ounced. Reexamination of the coastal plain revealed three late
leistocene marine terraces, identified on the basis of subtle
eomorphic boundaries and further delineated by differentiable
egrees of soil development. The youngest marine terrace is
reserved in the axial valley of a broad syncline, and the two
lder marine terraces face each other across the axial region. An
ctive thrust fault, previously recognized offshore, underlies the
oastal plain, and folding in the hanging wall of this thrust fault
as dictated, through differential uplift, the depositional limits
f each successive marine terrace unit. This study demonstrates
he importance of local structures in coastal landscape evolu-
ion along tectonically active coastlines and exemplifies the
tility of soil relative-age determinations to identify actively
rowing folds in landscapes of low relief. © 1999 University of Washington.

INTRODUCTION

Marine terraces are a useful datum from which late Qu
ary deformation and surface uplift can be inferred (Laj
986), and marine terraces have been used for these pu
long the Cascadia subduction zone in Oregon and nor
alifornia (Merritts and Bull, 1989; Kelsey, 1990; McIne
nd Kelsey, 1990; Kelseyet al.,1996). However, the Cresce
ity coastal plain (Fig. 1), a 6–9-km-wide coastal lowland
orthernmost California, has not been an attractive cand

or study of neotectonic deformation because the plain is
erraced with distinct treads separated by risers, as is typi
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arine terraces. Despite the lack of well-defined marine
aces, at least part of the coastal plain clearly consists of m
errace because sea-clif exposures reveal marine sand o
ng a shore platform cut in sandstone. Furthermore, a re
aissance study of soils developed on the coastal plain

ndicated that the coastal plain surface is not all the same
rom which we infer that multiple marine terraces occupy
urface. If true, the coastal plain contains a record of ne
onic deformation heretofore not investigated.

The objective of this paper is to use marine terrace age
istribution to identify the pattern of the late Quaternary

ormation in the Crescent City coastal plain area (Pol
997). To accomplish this objective, we determined how m
arine terraces make up the Crescent City coastal plain,
cterized the soils developed on their surfaces, investigate
over stratigraphy and the buried bedrock topography un
ying the terraces, and estimated terrace ages. Two mea
mployed to estimate the age of Crescent City marine terr
mino acid correlation age estimates on fossils and corre
ased on soil development of the Crescent City marine ter

o marine terraces 20 km to the north near Brookings, Or
Fig. 1) that have assigned ages (Kelsey and Bockheim, 1

THE CRESCENT CITY COASTAL PLAIN

On the basis of geomorphology and previous mapping
oastal plain can be divided into three morphostratigra
nits, Holocene marine and eolian sand near the coast,
ium deposited by the Smith River, and late Pleistocene m
nd eolian sand (Fig. 2) (Maxson, 1933; Back, 1957; Califo
epartment of Water Resources, 1987). Despite the low r

wo prominent scarps on the coastal plain serve as a st
oint for differentiating the late Pleistocene sediments
ossible marine terrace units. An escarpment along the ea
0033-5894/99 $30.00
Copyright © 1999 by the University of Washington.
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hore of Lake Earl (“Lake Scarp,” Fig. 2) is a candid
aleo-sea cliff, modified by late Holocene lake shore ero
he scarp is a subtle feature in the south but becomes

FIG. 1. Regional setting of field area showing Saint George fault and S
n.
re

rominent (6–12-m-high) northward, before dying out.
emetery Scarp (Fig. 2), a 6-m-high scarp that trends n
est across Crescent City, also is a candidate paleo-sea

River fault (Clarke, 1992) and Saint George Reef scarp (Roberts and Dol
mith
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The pre-late Pleistocene units that underlie the coastal
onstitute the planated platform on which late Pleistocene
s deposited (Fig. 2). These pre-late Pleistocene units in

esozoic sandstone and volcanic rocks of the Franciscan
ation and the overlying Pliocene–Pleistocene fossilife
arine sandy mudstone and sandstone of the Saint G
ormation (Diller, 1902; Maxson, 1933; Back, 1957; Sto
993; Aaltoet al., 1995).
The sandy marine terrace cover sediments capping bo

aint George and the Franciscan Formation were defined
attery Formation by Maxson (1931). At the type section,
attery Formation is a 3–5-m-thick section of unconsolid

o consolidated marine sand. In many parts of the coastal
he marine sediment is capped by eolian sand; in these are
hickness of cover sediments locally exceeds 20 m. The a
he Battery Formation is interpreted to be late Pleistocen
he basis of fossils (Addicott, 1963) and an amino acid r
ization correlation age estimate of a clam,Saxidomus gigan

FIG. 2. (A) Crescent City coastal plain showing geologic provinces a
howing distribution of three late Pleistocene terrace deposits (Qpm3, Q
iver (Qpal and Qhal). The youngest late Pleistocene terrace deposit, Q
y Holocene sand or Holocene alluvium of the Smith River. The terrace
mith River (Qhal).
in
nd
de
or-
s

rge
,

he
the
e
d
in,
the
of
n

e-

eus(Deshayes) (Wehmilleret al.,1977; Kennedyet al.,1982).
lluvial deposits of the Smith River, distinguished by roun
ebble and cobble clasts, blanket the northern part o
oastal plain (Fig. 2).
Faults in the vicinity of the coastal plain include the S
eorge fault and the Smith River fault (Fig. 2). These fa
ave been recognized on offshore seismic lines (Fieldet al.,
980; Clarke, 1992; S. H. Clarke, personal communica
996). The northwest-trending, northeast-dipping Saint Ge

ault parallels the Saint George Reef scarp, which is an
-high bedrock ridge identified in the offshore by Roberts
olan (1968) (Fig. 1).
The Del Norte fault was proposed by Maxson (1933

ccount for the abrupt, north–south trending eastern boun
f the coastal plain with the Siskiyou mountains (Fig.
ubsequent workers either have adopted Maxson’s (1933
osed fault (Back, 1957; Roberts and Dolan, 1968; St
993) or have questioned the fault’s existence (Califo

soil sample sites. (B) Quaternary geologic map of the Crescent City co
2, and Qpm1). Holocene marine and dune sand (Qhm), and alluviumh
, extends to the north on the east (oceanward) side of Lake Scarp, whecovered
erlain by late Pleistocene alluvium (Qpal) is higher than the active floodn of the
nd
pm

pm3
und
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epartment of Water Resources, 1987; Espan˜a Geotechnica
onsulting, 1993). The putative Del Norte fault is omitted fr
igure 2 because it is not exposed and evidence for
quivocal.

DIFFERENTIATION OF MARINE TERRACES
USING SOIL DEVELOPMENT

Late Pleistocene marine terrace sediments, which co
ostly of marine and eolian sand but also include silty s

lay lenses, and gravel, underlie the southern and southe
alf of the coastal plain (Fig. 2A). The eolian sand that part
overs the marine sand does not appear to be signific
ounger because no soil development is apparent at the
and/marine sand contact.
We tentatively divided the area underlain by the late P

ocene marine terrace sediment into three marine terraces
B). Criteria for the mapping of the terraces included rec
aissance soil investigation, subtle (,2 m) topographi
hanges, and the position of the Lake Scarp and the Cem
carp. For mapping purposes we assumed the Lake Sca

he Cemetery Scarp were degraded paleo-sea cliffs sepa
arine terraces of different ages. In the case of the Lake S

he sea cliff face has been freshened by erosion on the
hore of Lake Earl.
In order to test the above-postulated boundaries of the

ine terraces, we undertook a more detailed soil investiga
sing soil descriptions from the sampling locations of Fig
A. The test consisted of assessing whether mapped b
ries of the terraces separate marine terrace soils of diff
elative ages. The use of soil development to identify bo
ries between different aged marine terraces is based o
ssumption that on flat marine terraced surfaces with iden
hysiographic setting and parent material, the most impo
oil-forming factor accounting for a variable degree of
evelopment, as measured by a soil development index, is
e.g., Bockheimet al., 1992).

Soil profiles (Table 2) were described using the notatio
he Soil Survey Staff (1975) with the modifications of Bir
and (1984). Soil pits were hand dug to the Cox horizon w
ossible; for a few pits, descriptions were extended down
sing a bucket auger (Table 2).
We employed a soil development index (Table 1) develo

y Kelsey and Bockheim (1994) for a soil chronosequenc
arine terraces at Brookings, Oregon (Fig. 1). This deve
ent stage index assumes unconsolidated sandy qua
arent material. Criteria for the soil development index inc
epth to the Cox horizon (m), B horizon hue, Bt horiz

hickness (cm), maximum B horizon texture developm
stimated clay content (%), and maximum clay film deve
ent. However, for the Crescent City coastal plain, th
orizon hues did not appear to vary systematically with ov
rofile development (Table 2), and B horizon hues were o

ed from computations of profile development stage. We
is
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rated the stage development estimates from our soil de
ions to those of Kelsey and Bockheim (1994) by redescri
our of their soil sampling sites in the Crescent City coa
lain (sites 1, 2, 4, 5, Figs. 2A and 3) and one of their samp
ites in Brookings (site 33, Figs. 2A and 3).
When soil descriptions are grouped according to the

osed marine terrace units, the average development ind
igher for each older terrace (Fig. 3, Table 2). Becaus
atural variability in rates of soil development on a sin

errace, there is overlap of soil development indices betw
roups (Fig. 3). Marine terrace boundaries must be cons
ot only with the soil development indices but also with
eomorphology of the coastal plain, wherein soil sites
imilar relative age can be geographically grouped. Altern
roupings are possible based on the variability in soil de
pment; however, the grouping of soil sites depicted on
ap in Figure 2B and delineated graphically in Figure 3 is

onsistent with soil relative ages and geographically fea
iven the distribution of soil sites on the coastal plain.
The inference that Cemetery Scarp and Lake Scarp

aleo-sea cliffs between marine terraces is compatible wit
oil relative ages. In the case of Cemetery Scarp, soil site
he high side of the scarp (for example, sites 6 and 35, Fig
ave better developed soil than sites to the northeast on th
ide of the scarp (for example, sites 12, 14, and 22, Fig.
Fig. 3). In the case of Lake Scarp, soil sites on the high
f the scarp (for example, sites 17, 18, 31, Fig. 2A) ar

ntermediate relative age. We infer that the low (western)
f Lake Scarp is underlain by marine sand of the youn
elative age, but we cannot test this because the low si
overed by Lake Earl and Holocene sand dunes. In summ
ostulated boundaries of the marine terraces are not inco

ent with terrace relative-ages derived from soil developm

BEDROCK TOPOGRAPHY BENEATH
THE COASTAL PLAIN

We used bedrock elevation data to determine whether
s buried bedrock topography that would be consistent
roposed boundaries of the three marine terraces, and

ablish shore platform elevations in order to calculate u
ates. Well records and bedrock outcrops were utilize
econstruct bedrock topography underlying the coastal p
rom a pool of several thousand well logs, and a geod
urvey of platform elevations in cliff exposures from Batt
oint to Point Saint George, 319 data points were extract
etermine bedrock elevation (Fig. 4A). We interpreted s
nomalously high bedrock elevations to be possible burie
tacks, and these elevations were not used in platform r
tructions.
The buried topography is consistent with the inferred di

ution of marine terrace units shown in Figure 2A. The r
ively youngest late Pleistocene marine terrace cove
orthwest-trending trough in the coastal plain where bed



d
i p
f d w
i t th
t ela
t ate
b la
A eor
i tfor
e ed
a tive
o pl
a f th
c y th
h l o
f .g
M

orr
l ate
t c
e ag
c h
g eh
m a.
4 ge
a e
s 5e
( ,
m pro
a 0 y
s

P acid
r are
s here
t
1

Cres-
c The
a t City
c edi-
a n the
B es for
s 1, 5.1,
4 est
f ygen
i ), and
$ A
c the
t the
s , 4.3,
6 escent
C scent
C then
w a of
t water
a ge
a ratio
a for a
1 e
a arine
t ) and
1 pm1)
c it is
u older
t gs of

S

ly
t

TECTONIC CONTRACTION IN NORTHERN CALIFORNIA 221
rops below sea level and reaches a low of about216 m. The
ntermediate-age terrace west of Cemetery Scarp has a
orm elevation 4–20 m higher than the bedrock trough, an
nterpret this higher platform to have been a paleo-island a
ime of paleo-sea cliff erosion of Cemetery Scarp. The r
ively oldest marine terrace is underlain by a zone of elev
edrock in the central portion of the easternmost coastal p
narrow coastal segment on the west near Point Saint G

s also part of this oldest marine terrace, based on a pla
levation 10–20 m higher than the platform for the interm
te age terrace in the adjacent sea cliff. Hence, the rela
ldest marine terrace covers much of the eastern coastal
nd also occurs in a narrow strip on the western fringe o
oastal plain. The fact that the older platforms are generall
igher in elevation reflects ongoing coastal uplift, typica

old and thrust belts along active tectonic margins (e
cInelly and Kelsey, 1990; Berryman, 1993).

AGES OF THE CRESCENT CITY MARINE TERRACES

Aminostratigraphy and soil development are used to c
ate the Crescent City marine terraces with numerically d
erraces elsewhere. Marine sand at the Pebble Beach
xposures, part of the soil group of intermediate relative
ontains the clamSaxidomus giganteus(Deshayes), whic
ave an amino acid enantiomeric ratio (D/L) of 0.35 (W
iller et al.,1977; Kennedyet al.,1982). For the latitude of c
2° north, this ratio is indicative of an oxygen isotope sta
ge (80,000–125,000 yr) (Kennedyet al., 1982). Because th
and at Pebble Beach hosts a cool-water fauna, a stage
125,000 yr) is unlikely (Kennedyet al., 1982). Therefore
arine sand of the intermediate-age marine terrace was
bly deposited during either the 80,000 or the 105,00
ea-level high stands. An age estimate of;80,000 yr for

TAB
Development Stages of Soils on Elevated Marine Te

Development
stage

Depth to Cox
(m) B horizon hue

Bt th
(

1 0.8–1.4 7.5–10YR
2 1.0–1.4 7.5YR
3 1.0–1.7 7.5YR
4 1.4–1.8 5–7.5YR
5 1.9–2.8 5–7.5YR 1
6 2.6–4.5 5YR .
7 3.2–.4.5 2.5YR .

a Table is reproduced from Kelsey and Bockheim (1994).
b Abbreviations: l, loam; sl, sandy loam; sil, silt loam; sicl, silty clay lo

oil Survey Staff (1975).
c Percentage of clay estimated in field for each horizon.
d Notations for clay films, number denotes extent of ped faces covered

hick; k, thick; pf, film on ped face; po, film lines the pores. Abbreviatio
lat-
e
e
-
d

in.
ge
m
i-
ly

ain
e
e

f
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e-
d
liff
e,
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5

age

b-
r

ebble Beach is supported by new, unpublished amino
atios (D. R. Muhs, personal communication, 1996) that
imilar to those in this species from Bandon, Oregon, w
here is a 83,0006 5,000 yr U-series age on coral (Muhset al.,
990).
The other means of estimating marine terrace ages at

ent City is through interpretation of soil development.
verage soil-development stage estimates for the Crescen
oastal plain are 2.1, 2.8, and 4.1 for the youngest, interm
te, and oldest marine terraces, respectively (Table 2). I
rookings, Oregon, area, soil-development stage estimat
even marine terraces are (youngest to oldest) 1.4, 2.4, 3.
.0, 4.3, and 6.0 (Kelsey and Bockheim, 1994). The low

our Brookings terraces were assigned ages of 80,000 (ox
sotope stage 5a), 105,000 (stage 5c), 125,000 (stage 5e

200,000 yr ($stage 7) (Kelsey and Bockheim, 1994).
omparison of the soil development stage estimates from
hree marine terraces at Crescent City (2.1, 2.8, 4.1) with
even marine terraces at Brookings (1.4, 2.4, 3.1, 5.5, 4.0
.0) suggests that the youngest and intermediate-age Cr
ity marine terraces are stage 5. The intermediate-age Cre
ity terrace cannot be stage 5e because marine fauna
ould be of warm water affinity and the marine fossil faun

he intermediate-age terrace at Pebble Beach are of cold
ffinity (Kennedyet al., 1982). A 125,000 yr (stage 5e) a
lso is the least likely stage 5 age because the amino acid
t the Pebble Beach site is lower than would be expected
25,000-yr-old deposit (Kennedyet al., 1982). Therefore, w
ssign the youngest and intermediate Crescent City m

erraces (Qpm3 and Qpm2) ages of 80,000 yr (stage 5a
05,000 yr (stage 5c). The oldest Crescent City terrace (Q
ould be 125,00 yr (stage 5e) or 200,000 yr (stage 7), and
nlikely to be older than stage 7. Marine terraces that are

han stage 7 are infrequently preserved in coastal settin

1
ces along the Central and Southern Oregon Coasta

ness
)

Maximum B horizon textureb

(% clay)c Maximum clay filmsd

0 sil, 1, sl (,30) 1–3npfpo
0 sicl, cl, scl (30–40) 2–3n-mkpfpo
0 sicl, cl, scl (30–40) 2–3mkpfpo
100 sicl, sic, cl, c (35–42) 3–4mkpfpo
200 sic, c (40–58) 3–4mk-kpfpo

0 sic, c (40–65) 3–4mk-kpfpo
0 sic, c (45–65) 3–4mk-kpfpo

sic, silty clay; cl, clay loam; scl, sandy clay loam; c, clay. Abbreviations follow

film: v1,,5%; 1, 5–25%; 2, 25–50%; 3, 50–90%; 4,.90%; n, thin; mk, moderate
ollow Soil Survey Staff (1975).
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TABLE 2
Summary of Soil Properties Used as Relative Age Indicators

Soil sitea

Depth to
Cox
(cm) B horizon hue

Bt horizon
thickness

(cm)
Maximum
B textureb

Maximum
estimated
(% clay)b

Maximum
clay skinsb

Developmen
stagec

Group 1 (80,000 yr)

6 95 2.5Y/7.5YR 33 scl 25 3npfpo 1.3
9 94 7.5–10YR 10 sl 10–15 2nbrpo 1.7
4 91 10YR 10 sl 15 N.D. 1.8
0 104 7.5–10YR 16 sl 15–16 1nbr 1.9
8 115 7.5–10YR 79 cl 31 1n-mkpfpo 1.9
4 129 5–10YR 77 cl 32 3nbrpo, 1npf 2.0
3 143 8.75–10YR 92 cl 28 2npfpo 2.1
1 105 5–7.5YR 36 sl 17–18 1npo 2.1
2 123 7.5–10YR/2.5Y 95 cl 30 2mkbrpo 2.1
2 114 7.5YR 51 sl 14 2nbrpo 2.5
7 160 7.5–10YR 93 scl 20 4mkpo 2.9

Mean/moded 128 7.5–10YR 78 sl 28 2nbrpo 2.1

Group 2 (105,000 yr)

6 .74 10YR $74 scl 30 1n 1.7
2 100 7.5–10YR 60 sc 38 1npf 1.8
2 179 7.5–10YR 91 sil 20 2npfpo 2.3
9 122 5–10YR 81 cl 36 2mkpo 2.3
5b 132 7.5YR 63 sicl 33 2npfpo 2.4
5 122 5–10YR 99 cl 28 3mkpf 2.5
7 219 7.5–10YR 179 sicl 30 3npfpo 2.7
0 175 7.5–10YR/2.5Y 150 sicl 30 2mkpf 2.7
8e 229 7.5–10YR 196 sicl 30 2–3npf 2.8
5 150 7.5–10YR 141 cl 28 3mkpfpo 2.8
6 142 7.5–10YR/2.5–5Y 117 cl/sicl 28 3mkpfpobr 2.9
5 $195 2.5Y–7.5YR $113 cl 36 2mkpfpo 2.9
0 136 7.5–10YR 92 c 45 2mkpfpo 2.9

1c 245 10YR/2.5Y 163 cl 31
2mkpfpo,
1kpf 2.9

4 205 7.5–10YR(/2.5Y) 109 scl 22 3mkpfpo 3.0
4be 180 N.D. 83 scl N.D. 2–3npo 3.1
5 189 5–7.5YR 57 sicl 33 4npfpo 3.1
7 185 5–10YR/2.5Y 148 cl 39 2mkpfpo 3.1
2be 152 N.D. 65 scl N.D. N.D. 3.2
4 274 7.5–10YR/2.5Y 167 cl 31 3n-mkpf 3.4
1 190 5–10YR 136 sic 47 4mk-kpfpo 4.2
1b 172 7.5–10YR 109 sic 48 4mk-kpfpo 5.1

Mean/moded 180 7.5–10YR 123 cl 32 2mkpfpo 2.8

Group 3 (125,000–200,000 yr)

8 136 3.75–5Y/7.5(–10)YR 117 sic 50 2mkpfpo 3.1
9 249 5Y(/10YR) 198 c 56 2mkpfpo 3.9
3 $182 N.D.§§ 129 c 40–65 3kpfpo 5.3
3 $400 2.5–5Y/7.5–10YR $381 c 70 2–3n-kpfpobr 5.3

Mean/moded 189 5Y/7.5–5–10YR 148 c 53 2–3mk-kpfpo 4.1

Fluvial parent material

1 171 7.5–10YR 125 sic 45 3mkpfpo 3.8

Brookingsf

3b 156 7.5YR 65 sicl 32 3mkpf 3.5
3 228 2.5Y/10YR(/2.5YR) 137 sicl 40 3mk-kpfpo 3.8
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orthern California and Oregon, and they are only prese
long coastal reaches where uplift rates are.0.5 mm/yr
Kelsey and Bockheim, 1994; Kelseyet al., 1996). Therefore
e assign the oldest marine terrace on the Crescent City c

Note.All sites are sand parent material, unless noted otherwise. N.D
a The 40 soil sites include sites described by three different groups o

unpublished data, 1988), five sites (1b, 2b, 4b, 5b, 33b) described by K
y Polenz and Kelsey (this paper). In order that the calculated soil dev
tages determined from the Cox and Fisher soil data (unpublished data,
aper) were adjusted such that they could be directly compared with so
ere computed from a comparison of development stage determination
ere 1, 2, 4, 5, 20, 28, and 33). The development stage (far right col
evelopment stage data to data comparable to Kelsey and Bockheim (
omparable to Kelsey and Bockheim (1994).

b See Table 1 for explanations.
c Development stage is the arithmetic mean of the estimated developm

nd maximum clay skins.
d Mean or mode: For B horizon hues, maximum B textures, and max

lay, the mean is reported. The data of Cox and Fischer (sites 19–22
alculations. Soil sites 3 (alluvial fan parent material) and 26 (soil is tru

e Soil descriptions 18, 31, 2b, and 4b are based on a hand auger ins
f Brookings (Oregon) soil sites: 33b is site RR3 of Kelsey and Bockhe

t is here reported as 3.5 because color development was disregarded
elsey.

FIG. 3. Soil development stage estimates for Crescent City coastal
stimates (vertical axis) use the development index of Kelsey and Boc
d

tal

lain to be either stage 5e or stage 7, and the marine terra
he Crescent City coastal plain tentatively are assigned
stimates of 80,000 yr (Qpm3), 105,000 yr (Qpm2),
25,000 or 200,000 yr (Qpm1).

icates no data.
vestigators: five sites (sites 19, 20, 21, 22, 24) described by K. Cox aner
ey and Bockheim (unpublished data and 1994), and the remaining 30 sribed
ment stages for these three soil groups can be directly compared, theopment
8) and the development stages determined from the Polenz and Kelseya (this

evelopment stages determined by Kelsey and Bockheim (1994). Adjusttors
f identical soil sites by different groups of investigators (sites used fors purpose
) thus incorporates an adjustment factor of 0.8 for converting Polenz

4) and a factor of 1.4 for converting Cox and Fisher development stag

stages of Bt horizon thickness, depth to Cox, maximum estimated percelay,

m clay skins, the mode is reported. For depth to Cox and maximum pe
) and sites 1b, 2b, 4b, 5b, 33b of Kelsey and Bockheim are exclude
ted at top) are also excluded.
d of a pit.
1994), located on the 125,000-yr terrace. Site RR3 had a development;
omputing the stage index. Site 33 is the same soil site but describednd

in soil descriptions. Sampling sites (horizontal axis) are located in Fig
im (1994).
. ind
f in
els
elop
198
il d
s o

umn
199

ent

imu
, 24
nca
tea
im (
in c
pla
khe



rm
t ion
a w
U ain
i e a
w s
T itia
e en
w f t
a de
t pl
f od
p cas
o d b
e e
u int
i t

m tform
(

are
0 point
( rate)
i rate
f m1
( 0.3
m is
l es
l the
y the
y the
y
a fer-
e form
e ing
(

Franciscan
c s of indiv
w k
s ca. 10
y e
Q

POLENZ AND KELSEY224
UPLIFT RATE ESTIMATES

To calculate an uplift rate, the age of the bedrock platfo
he elevation of the paleo-platform at the time of format
nd the present elevation of the platform must be kno
ncertainties in the uplift rate are a consequence of uncert

n determining the initial and present elevation of the sit
hich uplift rate is calculated, as described in the footnote
able 3. The most significant source of uncertainty is the in
levation of the bedrock platform at the point of measurem
hen that point of measurement is seaward or bayward o
ctive sea cliff at the time the platform was occupied. Un

hese circumstances, the paleo-gradient of the bedrock
orm must be approximated based on measurements of m
latform gradients (see footnote, Table 3). Finally, in the
f the oldest marine terrace, the underlying platform coul
ither 125,000 or 200,000 yr in age; therefore, the rang
plift rate for the Qpm1 terrace reflects not only the uncerta

n initial and present elevation of the bedrock platform a

FIG. 4. (A) Contoured elevation map of bedrock surface underlying m
omplex sandstone and volcanic rock and the Miocene–Pliocene Saint
ells or clusters of several wells. A few points represent elevation data ob
urface between Point Saint George and Battery Point was determined
r at coastal plain sites. Site designations (inset) correlate to site descri
pm1 platform, uplift rates are calculated assuming the age of the plat
,
,
n.
ty
t

to
l
t,

he
r

at-
ern
e
e
in
y
a

easurement site but also uncertainty in the age of the pla
Table 3).

Uplift rates for the Crescent City coastal plain (Table 3)
.0–0.3 mm/yr. The range of uplift rate at a measurement
the difference between the maximum and the minimum
s in most cases 0.1 mm/yr (Table 3). The range of uplift
or both the Qpm2 (105,000 yr) platform and the Qp
125,000–200,000 yr) platform is on the order of 0.1–
m/yr. The range of uplift rate for the 80,000-yr platform

ower, between#0.0 and 0.2 mm/yr. Although the uplift rat
argely overlap between the older two platforms and
ounger platform, the uplift rate differences between
oungest platform and the older two platforms (only
oungest platform has uplift rates that are#0.0 mm/yr) are
pparent not only in modern elevations of platforms of dif
nt ages but also in a comparison of the present plat
levation to platform elevation at the time of platform cutt
Table 3).

ine terrace cover sediment. “Bedrock” includes the Jurassic–Cretaceous
orge Formation mudstone and sandstone. Data points represent recordidual
ned from outcrops or excavations. The elevation of the continuously exposed bedroc
level survey. (B) Map depicting estimates of uplift rate (mm/yr) for last0,000
ns in Table 3. Uplift rates are the minimum values (Table 3), and in the case of th

is 125,000 yr. Shaded units, see Fig. 2B legend.
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DISCUSSION
olding

The youngest marine terrace occurs within a bedrock tro
as the lowest uplift rate and is flanked by progressively o
arine terrace sediments on either side. The two older m

erraces overlie areas of relatively elevated bedrock and

TAB
Uplift Ra

Location
(see Fig. 4B)

Platform agesa

(103 yr)

Elevation of
platformb (m) Distan

neares
edgemin max

A 80 5 8 0.5
B 80 29 27 1.5
C 80 —f 215 1.1
D 80 28 26 1.2
E 80 24 22 0.2
G 80 6 6 0.
H 80 210 25 0.2
K 105 21 1 0.7
M 105 3 4 0.5
N 105 21 1 1.2
O 105 6 6 0.
P 105 14 17 0.
R 105 5 8 1.
S 105 4 5 0.
T 105 8 10 0.
U 105 10 13 0.
V 105 13 15 0.
X 105 29 27 1.7
Y 105 27 26 2.2
Z 125 26 29 0.

200 26 29 0.
AA 125 23 26 0.

200 23 26 0.
AB 125 20 27 0.

200 20 27 0.
AC 125 15 21 0.

200 15 21 0.
AD 125 13 15 1.

200 13 15 1.
AF 125 26 29 0.

200 26 29 0.

a See text for discussion of platform age assignments. For the oldest
b Estimates of bedrock elevation from well records. Maximum and mini

t well site location.
c Paleo-sea level estimates from Muhs (1992) and Muhset al. (1992).
d Initial elevation is a function of paleo-sea level, distance of site from

nd 105,000-yr platforms (Qpm1 and Qpm2), platform slopes of Bradle
nd 0.007–0.017 for platform.600 m from coast). For sites on 80,000-yr
latform map (Fig. 4A) were used. These gradients are upper limiting v
teepened the original platform gradients. The paleo-littoral environm
ountains to the east and Point St. George headland and the Saint Geor
latform gradients of Bradley and Griggs (1976) to reflect the relatively

e Minimum uplift rate estimates were calculated using the minimum d
aleo-platform gradient). Maximum uplift rate estimates were calculate

ncorporated maximum paleo-platform gradient).
f Only maximum limiting elevation is reported because well did not pe
h,
r

ne
ve

lightly higher uplift rates (Fig. 4). We infer that the bedro
rough and the overlying youngest marine terrace sedi
efine the axial region of the Lake Earl syncline (Fig. 4B).
yncline axis is flanked by terrace back edges (including C
tery Scarp) that face each other across the region of lo
edrock.

3
stimates

o
ck
)

Paleo-sea levelc

(m)

Initial elevationd

(m)
Uplift ratee

(mm/yr)

max min min ma

24 28 211 0.2 0.2
24 215 224 0.0 0.2
24 212 218 #0.0 0.0
24 212 220 0.1 0.2
24 25 27 0.0 0.1
24 25 25 0.1 0.1
24 25 27 0.0 0.0
21 215 228 0.1 0.3
21 211 221 0.1 0.2
21 217 229 0.2 0.3
21 211 221 0.2 0.3
21 29 217 0.2 0.3
21 219 231 0.2 0.4
21 214 226 0.2 0.3
21 22 25 0.1 0.1
21 25 29 0.1 0.2
21 22 25 0.1 0.2
21 221 233 0.1 0.2
21 224 236 0.2 0.3

6 24 214 0.2 0.3
6 24 214 0.1 0.2
6 24 214 0.2 0.3
6 24 214 0.1 0.2
6 2 22 0.1 0.2
6 2 22 0.1 0.1
6 28 222 0.2 0.3
6 28 222 0.1 0.2
6 218 237 0.2 0.4
6 218 237 0.2 0.3
6 4 2 0.2 0.
6 4 2 0.1 0.

tform, there are two candidate ages.
estimates reflect uncertainty as to location of well and elevation of grouface

ck edge, and the assumed paleo-platform slope. For sites on 125,00000-yr
nd Griggs (1976) for high energy coastlines were used (0.02–0.04 for i
tform (Qpm3), modern gradients (0.005–0.013), approximated from the
es for the original gradients because any folding of the Qpm3 surfaceve
at the Crescent City coastal plain was a bay partially sheltered by tskiyou
reef scarp to the west; therefore, uplift rates shown on Figure 4B assumimum
-energy environment within the bay.

rence between modern and initial platform elevation (i.e., incorporatedmum
sing the maximum difference between modern and initial platform elevon (i.e.,

trate into bedrock platform.
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Folding of the Lake Earl syncline is responsible for sev
eomorphic attributes of the coastal plain. The syncline
ounts for the elevated bedrock at Point Saint George;
edrock promontory is on the uplifted southwest limb of

old (Fig. 4). The syncline accounts for the gradual southw
isappearance of Lake Scarp because the scarp is bur
olian sand in a zone of zero uplift or subsidence in the c
f the Lake Earl syncline (Fig. 4B). The syncline also acco

or the unusual landward-facing aspect of the Cemetery S
ecause the 80,000-year-old paleo-sea cliff faced land

FIG. 5. Northeast-trending geologic cross section across the Cresce
emetery fault on the hanging wall of Saint George fault. The topographi
t 203 vertical exaggeration. For pre-Quaternary units (Nsg, KJf), thick
l
c-
is

d
by

er
ts
rp,
rd

oward the axial region of the syncline, which was occupie
cean at that time. Therefore, late Pleistocene growth o
ake Earl syncline provides a structural context for the di
ution of late Pleistocene sediment and bedrock platform

he Crescent City coastal plain.

arine Terrace Deformation as a Response to Plate-Mar
Fold-and-Thrust Belt Tectonics

The Lake Earl syncline is a contractional structure within
old-and-thrust belt of the Cascadia subduction zone.

City coastal plain, showing Saint George anticline, Lake Earl syncline,d
lief and thickness of Quaternary sediment (Qhm, Qpm3, Qpm2, Qpm1)cted
s, contact relations, and folds are schematic.
nt
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orthwest-trending, northeast-dipping Saint George
Field et al., 1980; Clarke, 1992) (Figs. 2 and 5), which h
umulative separation estimated to exceed 1 km (S. H. Cl
ersonal communication, 1996), is offshore just to the we

he zone of relatively high uplift rates at Point Saint Geo
e infer that this zone of high uplift rates defines not only

outhwestern flank of the Lake Earl syncline but also
ortheastern flank of the Saint George anticline, the antic
xis of which is expressed geomorphically on the sea floo

he Saint George reef scarp (Fig. 2A). We interpret the L
arl syncline and the Saint George anticline to be produc
ovement on the Saint George thrust fault, with the sync
eing a hanging wall syncline and the anticline being a han
all anticline, both in the upper plate of the Saint George th

ault (Fig. 5). Late Pleistocene growth of the anticline
yncline underscores the influence of local structures on
ates of coastal landscapes in the fold-and-thrust belt of a
ontinental margins (Muhset al., 1990; McInelly and Kelsey
990; Berryman, 1993).
Examination of well logs in the Crescent City area lead

o speculate that Cemetery Scarp is a fault scarp in additi
eing a contact between two marine terraces. A well 45
outhwest of the scarp penetrates through surface san
ravel and then through 26 m of bedrock before again p

rating sand and gravel. One interpretation of this stratigra
s that the well first penetrated the upper plate of a reverse
nd then penetrated gravel and sand again because the
aphy was repeated in the footwall of the fault. Additio
vidence that the Cemetery Scarp may be a reverse fault

s that the scarp is aligned with a prominent linear sand r
.5 km to the northwest. The possibility that Cemetery S
ay extend northwestward beyond its bound as a m

errace back edge, combined with the apparent repeat of
raphic section in the well, lead us to hypothesize the pres
f a northwest-trending, southwest-dipping low-angle rev

ault parallel to the strike of the Saint George fault but a
hetical to its dip. If the well penetrates the fault plane and
ault intersects the surface at Cemetery Scarp, then the
ips about 6° to the southwest and would be a back t
bove the Saint George fault (dashed fault, Fig. 5).
Previous workers (Maxson, 1933; Stone, 1993) inferred

he mountain front at the eastern edge of the Crescent
oastal plain is defined by the Del Norte fault, along which
oastal plain is downthrown relative to the Siskiyou Mo
ains. The Del Norte fault also was evoked to explain north
ilting observed in rocks along Pebble Beach (Stone, 19
owever, the northeast dip of strata along Pebble Bea
etter explained by growth of the syncline and anticline wi

he hanging wall of the Saint George thrust fault. The prop
el Norte fault follows the eastern edge of the older
arine terraces on the Crescent City coastal plain. At
uring the late Quaternary, the landscape feature called th
orte fault is more likely to have been an eroded paleo-sea

ast active about 105,000–200,000 yr ago.
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CONCLUSION

On the basis of geomorphic, geologic, pedologic, and
urface data, we infer that three late Pleistocene marine
aces are preserved on the Crescent City coastal plain, a c
urface of low relief that is located within the fold-and-thr
elt of the Cascadia subduction zone. The two oldest m

erraces face each other across a northwest-trending valle
alley is underlain by a bedrock trough occupied by the yo
st marine terrace. Distribution of the three terraces is a

ion of late Pleistocene growth of the Lake Earl syncline, w
he older terraces preserved on the syncline limbs and
oungest terrace preserved in the axial trough. Although
ange of late Pleistocene uplift rate on the coastal plain is
.0–0.3 mm/yr, the older terraces on the flanks of the
onetheless have slightly higher uplift rates (0.1–0.3 mm

han the axial region of the fold (#0.0–0.2 mm/yr). Thes
plift rate differences are apparent through comparison o
resent elevation of bedrock platforms to the elevation of t
latforms when they were cut.
Active deformation of the Crescent City coastal plain

riving broad folding of the coastal plain, which accounts
arine terrace distribution and topography of underlying

ine platforms. Deformation in the hanging wall of the Sa
eorge thrust fault has dominated the evolution of the co
lain through controlling the uplift history of marine terra

ormed during sea-level high stands 80,000–200,000 y
go. A fault within the coastal plain, which would be a b

hrust antithetical to the Saint George fault, may surface a
oundary between two marine terraces. This hypothesized
uts across the urban center of Crescent City. Our studie
ew evidence for the importance of local, active structure

andscape evolution on the Pacific coast of North Americ
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