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Abstract. The Plio-Pleistocene nonmarine Saugus

Formation is widely exposed in the east Ventura basin and the

northern San Fernando Valley, north and south of the Santa

Susana fault. In the east Ventura basin, the Saugus is overlain

by the Pacoima Formation. Magnetostratigraphy of the fine-

grained Saugus and Pacoima strata and the presence of the

0.76 Ma Bishop ash are used to calculate their average sedi-

mentation rates: 0.9 km/m.y. in the east Ventura basin and

1.1 km/m.y. in the northern San Fernando Valley. Extrapo-

lation of the Saugus and Pacoima sedimentation rates shows

that they were deposited from about 2.3 to 0.5 Ma both north

and south of the Santa Susana fault. The shift from remote to

locally derived clasts marks the initiation of uplift of the Santa

Susana Mountains. The extrapolated age of this boundary is

about 0.7-0.6 Ma.

INTRODUCTION

The Santa Susana fault is part of a discontinuous reverse-

fault system, north side up, extending east from Santa Barbara

to the San Jacinto fault near San Bernardino (Figure 1). Other

faults in this system include the Red Mountain, San Cayetano,

San Fernando, Sierra Madre, and Cucamonga faults. The

l91I San Fernando earthquake (M - 6.4) and smaller earth-

quakes on the Red Mountain, San Cayetano, and Santa Susana

faults are evidence that the faults are seismically active and

constitute an earthquake risk [Yerkes and Lee, 1979; Lee et

a1', l9l9; Yeats et al., 19871

The times of initiation and the rates of displacement on

reverse faults in this zone are difficult to determine because,

in most cases, rocks of the hanging wall are much older than

the time of faulting. However, the Santa Susana fault cuts

across the Neogene Ventura basin, where Pliocene and

Pleistocene strata are preserved in both the hanging wall and

footwall blocks. The Santa Susana Mountains are being

uplifted by ramping on the Santa Susana fault, and the age of

appearance of detritus from this newly eroded local source is a

clue to the age of initiation of faulting [Saul, 197 5; Yeats,

Ig7gl. Locally derived detritus appears in the late Quaternary

sequence of both the hanging wall and footwall blocks. We

have dated this sequence on both sides of the fault using mag-

netostratigraphy, aided by the identitication of an ash bed in

the hanging wall sequence near Newhall, which is geochemi-

cally similar to the Bishop and Friant Tuffs [Sarna-Wojcicki
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et al., I99Il. From this, we determine sediment accurnulation

rates in this sequence on both sides of the fault and the age of

initiation of movement on the Santa Susana fault.

GEOLOGIC SETTING

The Santa Susana fault extends 28 km east-southeast from

near the SantaClaraValley in Ventura County to the San

Fernando Valley in Los Angeles County (Figure 2). The fault

ruptured the southwestern edge of a thick trough sequence of

Miocene to Pleistocene sediments. The thick sequence of the

Santa Susana Mountains overrides a coeval thin sequence of

the Oak Ridge-Simi Hills structural shelf [Yeats, 1987] (R. S.

Yeats et a1., Late Cenozoic tectonics of the east Ventura basin,

Transverse Ranges, California, submitted to Bulletin of the

American Association of Petroleum Geologists, 1992; hete-

inafter referred to as Yeats et al., submitted manuscrit, 1992).

The fault dies out to the northwest near the Santa Clara

Valley, where strata of Miocene and Pliocene age are contin-

uous across the westward projection of the fault [Yeats,

19871. The fault contains two left-stepping lateral ramps' one

at Gillibrand Canyon (GC, Figure 2) tn the central part of the

fault, and one farther east at the northwest edge of the San

Fernando Valley (SF, Figure 2). East of the San Fernando

lateral ramp, the fault breaks up into several strands, at least

one of which moved during the I9l1 San Fernando

earthquake.

The Modelo Formation (middle-late Miocene), Towsley

Formation (latest Miocene-earliest Pliocene), and Fernando

Formation (Pliocene) were influenced by the old depositional

hinge line, northeast side down, and thus they predate the

Santa Susana fault. The Torrey and Frew reverse faults cut

the Fernando Formation and are overlain unconformably by

the Quaternary Saugus Formation [Yeats, 1979, 1987].

Absence of scarp-derived detritus from these pre-Saugus

faults suggests that they were not accompanied by extensive

subaerial uplift of their hanging walls. The Saugus Formation

[Kew, I9T|;Winterer and Durham, 1962], the main subject of

this magnetostratigraphic study, occupies the center of the

east Ventura basin where it is conformable with underlying

Pliocene strata. South of the Santa Susana fault, the Saugus

occurs in discontinuous patches that unconformably overlie

faulted strata as old as Eocene that are ovelridden by the

Santa Susana fault [Yeats, 1987].

Near the center of the east Ventura basin on the south side

of the Santa Clara River valley, southwest of the Magic

Mountain Amusement Park (Figure 3), the Saugus Formation

rests conformably on sandstone, siltstone, and conglomerate

of the marine Pliocene Pico Formation of Winterer and

Durham Ug62l. We follow current practice in calling the Pico

strata the Fernando Formation (compare Jennings and Strand

t19691 and discussion of Yeats et al. lsubmitted manuscript,

Iggzl).Winterer and Durham U9621included in the Saugus

brown, reddish-brown, and tan sandstone and conglomerate,

reddish-brown mudstone, and greenish-gray sandstone, all of

which are deformed. The Saugus is overlain by generally flat-

lying terrace deposits similar to, but somewhat more consoli-

dated than, the modern Santa Clara River alluvium.

Treiman t19861 found an angular unconformity within the

sequence mapped by Winterer and Durham tl962l as Saugus.

Below the unconformity, Saugus clasts are predominantly

derived from highlands to the east, including the San Gabriel

Mountains. The upper part of the Saugus contains an ash
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1 18o45'

layer which is geochemically very similar to the Bishop ash

(0.76 Ma) and the Friant ash (0.62Ma); a definite correlation

to one or the other could not be made (work of A. M. Sarna-

Wojcicki as discussed by Levi et al. t19861. The strata above

the unconformity contain clasts of shale, siltstone, and sand-

stone similar to bedrock now exposed in the Santa Susana

Mountains to the south. Treiman U9861 correlated the locally

derived strata to the Pacoima Formation mapped by Oakeshott

t19581 northwest of the San Gabriel Mountains. J. A.
Treiman (personal communication, 1991) recogntzed that this

may not be equivalent to Oakeshott's Pacoima in the San

Fernando Valley. The Pacoima-Saugus contact is exposed in

a road cut adjacent to the Exxon NL&F 24 well (Figure 3),

where the contact may be conformable. Northwest of this

well, the strata become conformable and more lithologically
alike (J. A. Treiman, personal communication, 1992). We

projected the contact along strike, but the strata above the

contact are only questionably mapped as Pacoima Formation

[Treiman, 1986; J. A. Treiman, written communications,

19911. The Paooima includes strata mapped by Winterer and

Durham 11962l as terrace deposits, but the Pacoima dips to

the northeast and is undoubtedly older. In the Magic
Mountain area (Figure 3) the upper part of the Saugus and the

Pacoima formations dip to the northeast. At the northern end

Levi and Yeats: Timing of Uplift of Santa Susana Mountains, California

Fig. 2. Location ofSaugus outcrops in the study area; also shown are several Quaternary faults with

known potential for ground rupture. The rectangles enclose the Saugus sections analyzed and discussed

in this paper: Santa Clara River (SCR), Transmission Line (TL), and Van Norman Lake (VNL). Older

sffata from the Modelo, Towsley, and Fernando formations, in Lyons Canyon (LC) and Towsley Canyon

(TC) sections provided unsatisfactory paleomagnetic results. GC is Gillibrand Canyon lateral ramp; SF is

San Fernando lateral ramp. Other abbreviations are SCF, San Cayetano fault; ORF, Oak Ridge fault.

Figure adapted from map of Barrows et al. [1975].

of the Pacoima outcrop, west of Magic Mountain Amusement

Park, the Pacoima is in fault contact with Saugus and terrace

deposits. This fault may be the eastern projection of a strand

of the Holser fault (Figure 2), although the Holser fault may

project farther north.
South of the Santa Susana fault in the San Fernando Valley,

the north-dipping Pliocene-Pleistocene sequence west of Van

Norman Lake was mapped by Oakeshott [1958], and it
includes the fossiliferous marine sandstone, mudstone, and

conglomerate of his Pico Formation (Fernando Formation of
this paper); the nonmarine and brackish-water sandstone,

mudstone, and conglomerate with thin limestone beds which

he called the Sunshine Ranch Member of the Pico Formation;

and the nonmarine light-colored conglomerate and sandstone

of the Saugus Formation (Figure 4). Barrows et al. [1975] and

Saul U97slincluded the Sunshine Ranch Member in the

Saugus Formation rather than the Pico Formation, although

they, like Oakeshott, regarded it as Pliocene in age. They

noted that the Sunshine Ranch Member is typically greenish-

to reddish-gray siltstone and sandstone with coarser-grained

sandstone and less common layers of conglomerate, whereas

the overlying member of the Saugus Formation is mostly

sandstone and conglomerate with a source afea to the north in

the San Gabriel Mountains. Barrows et al. tI975l and Saul

1 18030'
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Fig. 3. Simplified geologic map of the Magic Mountain area, redrawn from maps of winterer and
Durham 11962l and Treiman [1986]. Paleomagnetic sampling sites at the TL and SCR sections are
shown as closed (normal) and open (reversed) circles and croises (unstable). Heavy line segments repre-
sent inferred polarity boundaries. Abbreviations are B, Brunhes; M, Matuyama; old, olduvai; and J,-
Jaramillo.
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1 18'32.5'
EXPLANATIONE
E
FfitrI
LrtrArl

Quaternary alluvium
and colluvium
Terrace deposits and
older alluvium
Saugus Formation dominated
by locally derived clasts

U97s|mapped these formations westward to the Santa

Susana fault area, where they found that the Saugus is over-
lain unconformably by terrace deposits which are themselves

downwarped into a broad syncline at Horse Flats (Figure 4).
At Horse Flats, Saul II979l mapped a distinct uppermost

member of the Saugus Formation, in which coarse clastic
layers are dominated by clasts of calcareous sandstone and

porcelaneous shale, rocks common in the Santa Susana

Mountains to the north. The basal contact of this unit is grada-

tional with the rest of the Saugus. In the upper 10 to 20 m of
the underlying Saugus, the clast lithologies change upward
from remotely derived igneous and metamorphic rocks to
locally derived sedimentary rocks; the contact is drawn where
the clasts are almost exclusively locally derived. Saul U975,
1919) recognized that this change in clast lithology indicated
the initiation of uplift of the Santa Susana Mountains to the

north. Uplift shielded the Horse Flats area from the San

Gabriel source region which had previously provided most of
the clasts. The uppennost Saugus member does not appear to

be present at Van Norman Lake, possibly because of its loca-

tion east of the Santa Susana Mountains.
The homoclinal structure of the Saugus Formation near Van

Norman Lake continues westward toward the Santa Susana

fault, where bedding strike changes to west-northwest, and

broad west-northwest-trending folds are found plunging
gently toward the Santa Susana fault (Figure 4). Horse Flats is
the site of a broad constructional surface underlain by older
alluvium which appears to be warped by the Horse Flats
syncline. The section is cut by many high-angle faults of
small displacement, and detailed bed-to-bed correlation of the
Saugus Formation between Van Norman Lake and Horse
Flats is not possible. However, a general correlation is possi-
ble using (1) the top of the Sunshine Ranch Member and (2)

TABLE 1. Saugus Formation Site Inventory

Saugus Formation,
non mari ne u ndifferentiated
Saugus Formation,
Sunshine Ranch member

Fernando Formation

Modelo Formation

1 18"30'

Fault, dotted where concealed

Thrust Fault

Paleomagnetic sites
o Normal
o Reversed
x lndeterminate

Ash bed

Number Number
Saugus of Sites, of Sites,

Locality Sampled Polarity

Number Number of
of Sites, Specimens

Direction UsedAvleasured

TL
SCR

VNL
HF

Total

48

2I
72

11

152

44

I9
66

8

t37

26

r6
51

6

99

r82t196
90t94

304/327

35t42

6rr/659
TL is Transmission Line; SCR is Santa Clara River; VNL is

Van Norman Lake; HF is Horse Flats.

E
lffii]
EE

Fig. 4. Simplified geologic map of the Horse Flats and Van Norman Lake reservoir area redrawn from
map of Barrows et al. [1975]. Paleomagnetic sampling sites are shown as closed (normal) and open

(reversed) circles and crosses (unstable and overprinted). Heavy line segments represent inferred polarity
boundaries. Abbreviations are B, Brunhes; M, Matuyama; and Old, Olduvai.



the boundary between the locally and remotely derived clasts
of the continental Saugus Formation.

Older alluvium rests unconformably on the southern strand
of the Santa Susana fault, leading Saul U975, 19791to
conclude that the Santa Susana fault has been inactive since
the middle Pleistocene. However, Lant lL977l and Yeats

[1987] showed that the southern strand has been folded and
displaced by a younger strand that reaches the surface farther
north within the Santa Susana Mountains (Younger Santa
Susana fault of Figure 4).

FIELD AND SAMPLING PROCEDURES

In the hanging wall north of the Santa Susana fault the

Fernando and Saugus formations were extensively sampled

for paleomagnetism in the north limb of the Pico anticline,
south of the Holser and San Gabriel faults. Five Fernando
Formation sites were sampled in the north limb of the Pico
anticline in Lyons Canyon (FigureZ), as well as 16 sites from
the Towsley and Modelo formations, straddling the Pico anti-
cline in Towsley Canyon (Figure2). In the Magic Mountain
Amusement Park area, where the nonmarine Saugus is more
than 1.5 km thick, we assembled a composite section along
the SantaClara River (SCR) and along a trench paralleling a
set of transmission lines (TL) (Figure 3). In this area, it is
possible to make general (not bed to bed) correlation between
the TL and SCR sections [Winterer and Durham, 1962]
(Figure 3). The TL section is unfaulted, and the beds dip
homoclinally about 50o to the north-northeast. The SCR
section exposes beds which dip more gently (20"-30") to the
northeast.

In the footwall south of the santa susana fault, 72 saugus
sites were sampled in an approximately 2-km-thick section
along the west side of the Van Norman Lake (VNL)
Reservoir, in the northwest corner of the San Fernando valley
(Figure 2). In this area fiust west of the Golden State
Freeway), the Saugus is homoclinal, dipping northward 20"-
60o, and it comprises both the brackish-water Sunshine Ranch
and the overlying non marine members. Eleven additional
sites were sampled in the area west of the Van Norman
Reservoir: four sites along Nugent Street (middle of Figure
4), one site at a building excavation along Andasol Avenue
(reverse site in the middle of Figure 4), four sites along
Reseda Boulevard on the way to Horse Flats, and two sites at
Horse Flats near the intersection of Braemore Road and
Bowmore Avenue (clusters of four and two upper Saugus
sites, respectively, at left one fourth of Figure 4).

Sites for paleomagnetism were selected at the finer-grained
sedimentary interbeds of mudstone, siltstone, sandy siltstone,
and silty sandstone, typically 0.5 to 5 m thick, and usually
sandwiched between much thicker beds of coarser sandstone
and conglomerate. At each site, digging was usually required
to expose less-weathered sediment for sampling. The samples
were oriented prior to removing them from the outcrop; orien-
tation was usually done by scribing a north arrow on a freshly
carved and leveled hori zontal surface. In this manner, three
samples were usually obtained from each site. In the labora-
tory, each sample was releveled in a plaster of paris cast, and
two specimens for paleomagnetic measurements were cut or
drilled from each hand sample.

693

Thermal Demagnetization AF Demagnetization

EE
VNL 1OsC

SC 58

TL 1 1OB

SN

V

Levi and Yeats: Timing of Uplift of Santa Susana Mountains, California

\
Fig. 5. Examples of similar behavior of alternating fields
(AF) and thermal dema gnetizations for specimens from the
same hand sample, plotted in geographic coordinates after
structural correction. Solid circles represent remanence end-
points projected onto the horizontal plane; open circles,
endpoints projected onto a vertical plane. The AF levels are
in millitesla (mT); temperatures are in degrees centigrade
("C). Tick-mark separations are L0-2 AA4.

STABILITY OF THE REMANENCE

The sites from the marine Modelo and Towsley formations
in Towsley Canyon, as well as sites from the marine Fernando
(Pico) Formation at Lyons Canyon and from near the Santa
clara River are pervasively overprinted by the present
magnetic field, and we were unable to recover the primary
remanence, using both alternating fields (AF) and thermal
demagnetization methods. only three Fernando sites imme-
diately below the Fernando/Saugus boundary at the base of
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VNL
vNL 134-3

SCR

TL

Fig. 6. Examples of alternating tields (AF) demagnetizations
of one normal and one reverse specimen from Van Norman

Lake (VNL), Santa Clara River (SCR), and Transmission Line
(TL) sections, plotted in geographic coordinates after struc-

tural correction. Solid circles represent remanence endpoints
projected onto the horizontal plane; open circles, endpoints
projected onto a vertical plane. The AF levels are in millitesla
(mT). Tick-mark separations are I0-2 AA{.

the TL section (Figure 3) have reverse polarity. In contrast,

the fine-grained, nonmarine Saugus strata retain, for the most

part, a stable remanence (Table 1). At present, we can only
speculate that mild reheating due to burial destroyed the

primary remanence and is the cause for the remanence

instability of the marine Modelo, Towsley, and Fernando

formations, as compared with the relatively stable nonmarine

Saugus.

For the Saugus Formation, thermal and AF demagnetization

were, in general, equally effective at removing secondary

overprints (Figure 5). AF demagnetization was chosen as the

primary "cleaning" method for this study. At least two

specimens from each site were demagnetized in progressively

increasing alternating tields up to between 40 and 100 mT
(millitesla), to isolate the characteristic remanence and to

determine the blanket alternating tields for demagnetizing the

remaining specimens at each site. At least four blanket AF

Levi and Yeats: Timing of Uplift of Santa Susana Mountains, California

Reversal and Partial Fold Tests

Transmission Line Saugus

SS
before after

structural correction

Van Norman Lake Saugus

before after
structural correction

Fig. 7. Site mean directions of normal Matuyama (Olduvai)

sites and a similar number of bracketing reverse sites in the

Transmission Line and Van Norman Lake sections before and

after structural corrections. Diamonds represent the Plio-
Pleistocene geocentric axial dipole direction. Solid symbols
represent lower hemisphere directions; open symbols, upper

hemisphere directions. Note that prior to structural correction

the results are incompatible with the geocentric axial dipole

inclination and would fail the reversal test. The structurally

corrected directions satisfy both the reversal and fold tests.

(The three normal Transmission Line sites with structurally

corrected shallow inclinations belong to TL 57,TL 59, and

TL 60, which are transitional between normal and reverse; see

Table 2.)
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TABLE 2. Transmission Line Section: Site Mean

Paleomagnetic Results

TABLE 2. (continued)

D, I,
Site N/n deg deg

dgs, Demag,
deg mTD, I,

Site N/n deg deg k
%y Demag, Bedding
deg mT StrikelDip

Bedding
StrikelDip

Saugus Formation
normal
unstable
normal
17 63 360 4 2040

normal
8 49 3L 12 20_4'0 326"t3goNE

unstable 313.5" /37oNE
19 4t 27 t3 40-80
normal 3L5.5" /54oNE
9 33 26 t3 30-90 306"/520NNE

reversed

206 *54 30 L3 10-30
reversed 308" /46.NNE
208 -58 207 5 2040 309./480NE
213 -51 54 t3 30-50
190 -60 5s 9 30-50
207 -55 376 3 30-50
r93 -53 r02 7 30-50
reversed

202 -64 400 3 2010
reversed

reversed
reversed

unstable
230 15 r37 6 40-60
24 24 g3 4 50-100 309./500NNE
23 18 32 8 60-100
20 23 49 6 60-100
22 49 r91 5 2H.0
29 41 248 4 2010
22 50 t32 5 10-30 301"/450NNE
normal
normal

reversed
2t5 43 43 10 2040 308"/500NNE
2r2 -62 29 9 50-80
2r8 -70 rt3 6 40-50
reversed

2r5 -70 1 18 6 30-50
2t6 -7r 105 7 40-50
207 -70 164 5 40-60
reversed

reversed

reversed?

reversed

220 -52 r44 6 30-50
reversed 308'/50"NNE
unstable

224 -56 109 7 2040

Fernando Formation

unstable

unstable
unstable 282"/370NE

N/n is the number of specimens used in calculations/number
of specimens measured; D and I are structurally corrected
declination (D) and inclination (I), rotated to horizontal using
measured bedding attitude (strike/dip); k is best estimate of
precision parameter of Fisher distribution; o{e5 is radius in
degrees of the 95vo cone of confidence about the mean direc-
tion; demag is the range of consecutive alternating fields (AF)
demagn etization steps in millitesla used for obtaining the
stable direction of each specimen. Site location is 34.39'N
latitude, 241.40'E longitude. * sites with anomalous
(transitional?) paleomagnetic directions.

levels were used to dema gnetize each specimen of every site
(Figure 6).

Assessment of the remanence stability of the Saugus units
was made easier by the predominance of reverse polarity,
which is usually more readily distinguished from present-day

overprints than normal polarity remanence. Many of the
reverse specimens had a superimposed normal remanence

component, which was usually removed by low-temperature
(< 200" C) thermal or low-field (< 20 mT) AF demagnetiza'
tion, and some of the reverse specimens showed a characteris-
tic increase of the magnetization intensity during the initial
stages of demagnetization. In addition, the Saugus Formation

TABLE 3. Santa Clara River Section: Site Mean
Paleomagnetic Results for Saugus Formation

D, r,
Site N/n deg deg k

%s, Demag, Bedding
deg mT Strike/Dip

P3

P2
P1TLl16 3/4

TLTT4
TLILZ 4/6
TLl10 6/6
TL108 4/6
TL106 6/6
TLI04
TL103 6/6
TL101 4/6
TL100 6/8
TL99 4/6
TL94 6/6
TL90 6/6
TL87 6/6
TL86 4/8
TL84 6t6
TL82 6/6
TL80 6/6
TL78 4/4
TL76 8/8
TL72 5/6
TL70 2/4
TL68 2/4
TL66
TL64 6/6
TL60* 15/$
TL59* t2/12
TL57* T2/12
TL56 6/8
TL55 6/6
TL54 8/8
TL518 2/6
TL5 | 2t2
TL50 6t7
TL30 6t8
TL22 IOIIS
TLzr 6t6
TL20 6t6
TL19 6t6
TL16 6t6
TLI4 6/6
TLIT 5/6
TL10 5t6
TL8 4t8
TL6 5/6
TL4 6t6
TL3 616

TLz
TLl 5t6

sc40 6/6 L6 44 87
sc36 6/6 21 51 169
sc34 6/6 19 48 rr9
sc32 6/6 13 52 85

sc6 6/6 7 47 56
sc57 6/6 16 46 38
sc20 6/6 r92 -58 81

SC5 L 4/6 reversed
sc29 6/6 184 49 68
SC28 6/6 reversed

I 20_40
5 2H,0
6 2010
7 2040
9 10-30 308.5'l320NE

I 1 40-50
8 30-50

8 2040

SC27 unstable
sc24 6t6 223 -36 19

sc25 5/6 39 57 66
sc23 6/6 198 -52 96
sc5 6/6 208 -53 233

sc16 5/6 227 -58 L6

SC 1O unstable
SC4 5/6 reversed
sc3 4/4 216 -51 148

sc2 5/6 r97 -64 16

scl 6/6 222 -55 189

See Table 2 notes for definitions of column heads. Site
location is 34.42oN latitu de, 24I .39"8 longitude.

30-50
9 30-50
7 2040
4 2C_40

20 30-50

8 2040
20 60-100
5 10*30

3r9"/200NE
330"/250NE
330"1260NE

330'/27 .NE

328"/27 .NE

320"/320NE
356"/220NE

27"/34"58
P6

P5

P4

418 reversed

516 reversed

4/8 reversed

314"1490NE
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D, I,
Site N/n deg deg

%s, Demag, Bedding
k deg mT StrikelDip

TABLE 4. Van Norman Lake Section: Site Mean
Paleomagnetic Results for Saugus Formation

TABLE 4 (continued)

D, I, cgs,. Demag, Bedding

Site N/n deg deg k deg mT StrikeDip

vNL44 6t6 r94 -35 64 8 40-80 266"/30'N
vNL42 8/8 181 46 76 6 40-80
vNL40 7 t8 r70 49 162 4 40-80 259"1r8"N
vNL37 516 t82 42 42 12 40-80 2800/25"N
vNL36 516 195 -48 r12 7 40-80',
vNL35 .3t6 188 17 74 14 30-80 2530/210NW
vNL34 6/6 t94 -65 6t 9 30-80 2r8"/13.5'NW
vNL33 10/10 209 -64 t44 4 40-80
vNL32 8/8 r45 -56 99 6 40-80
vNL3 | 6/6 r47 -51 45 10 40-80
vNL30 6/6 166 46 65 8 40-80 205.5"t21.5"NW
vNL23 8/8 167 15 50 8 40-80 24t.5"/r5.5"NW
vNL22 6/6 fls *29 64 8 tr0-80 237.5'/29.5'NW
vNL2 L 6t6 rtj -39 82 7 40-80
vNL20 6/6 162 -34 r73 5 40-80 233.5"/27.5'NW

See Table 2 notes for definitions of column heads. Site
locarion is 34.30oN latitu de,, )41 .51oE longitrtde.

in both TL and VNL sections dips steeply to the north, and

their structurally uncorrected directions (Figures 7a and 7b)

have no meaning when compared with the known average

Neogene direction, whereas the structurally corrected direc-

tions are consistent with the Neogene geomagnetic field.
Moreover, together with the occasional normal polarity sites,

the results constitute a successful reversal test in the predomi-

nantly reverse Saugus (Figures 7c andTd).

The characteristic paleomagnetic direction of each speci-

men was determined from 3 to 6 consecutive levels of
progressive AF or thermal demagnetization. When appropri-

ate, site mean directions were calculated in two ways. First,

each specimen was assigned equal weight; this usually

resulted in data from two specimens per oriented hand sample

and six specimens per site (Tables 2-5). Second, we com-

bined the data of specimens from each oriented sample,

thereby halving the number of independent vectors. The two

methods yielded essentially identical directions. For most

sites, estimates of the Fisher U9531 precision parameter (k)

increased significantly or hardly changed when the number of

TABLE 5. Horse Flats Section: Site Mean Paleomagnetic

Results for Saugus Formation

D, I,
Site N/n deg deg

c[ss, Demag, Bedding
k deg mT Strike/Dip

11 60-100 267"1170N

12 10-60
5 10-60 2860142"N

6 r54'l520SW
r57"1440SW

r5r'/430sw
283'l280N

4 1H0 2910l280N

9 1H0
4 50-100 285'lJ?8oN

See Tabhe 2 notes for definitions of column heads. Site

location is 34.29oN latitu de, 241.39'E longitude.

VNL138
VNL136
VNLl34
VNL132
VNL130
VNL128
VNL126
VNL124
VNL122
VNLl20
VNLl19
VNLl18
VNLl15
VNL114
VNLl13
VNLl12
VNL1 1 1

VNLl10
VNL109
VNL108
VNL107
VNL106
VNL105
VNL104
VNLl03
VNL102
VNL1O1
VNLlO
VNLO9
VNLO8
VNLOT
VNLO6
VNLO5
VNLO4
VNLO3
VNLO2
VNLg9
VNL98
VNL96
VNL95
VNL92
VNL91
VNL9O
VNL87
VNL86
VNL84
VNL82
VNLSO
VNL78
VNL76
VNLOl
VNL74
VNLTO
VNL62
VNL6O
VNL54
VNL5O

356 33

353 29

335 28

336 3L

355 40
overprinted
196 13
reversed

reversed

overprinted
unstable

overprinted
r71 -60
t70 -24
reversed

r42 -48
r92 -59
158 -55
reversed

r72 44
t82 40
2t3 -66
169 43
r94 -52
It2 -50
183 -50
reversed

196 -35
reversed

reversed

r70 46
r9l -53
20r -50
reversed
reversed

reversed

185 12
188 44
reversed

204 -53
161 -61
188 -51
r73 -59
reversed

unstable
12 46

356 54

34r
31 54

747
850

187 42
reversed

r74 -25
reversed

unstable
reversed

94 8 30-100
146 6 30-100
47 1 1 30-100
88 7 30-100

r25 6 30-100

63 L2 30-100

26 25 50-100
55 9 20-80

9 27 40-80
39 I 1 40-80

1 18 7 20-80

151 6 30-100
181 5 20-80
27 13 50-100
t02 7 20-80
48 10 30-100
40 12 30-80

620 3 40-100

63 12 80-100

58 12 40-50
73 8 40-50

245 4 40-50

402 3 3Q-80
69 8 40-80

4r t2 40-80
54 9 40-80
21 15 40-80
57 9 30-60

29 13 10-30
263 6 10-30
196 s 40*80
r49 5 10-30
232 4 40-80

8 1 1 40-50
48 10 40-80

33 10 10-30

264"/53"N
257"/70"N

245"/70"N
260'170'N
260'182'N
263'l80'N
250"/65'N
244"/71"N

256" 173.50N

252"182"N
255"/64'N
250"/56'N
254'168'N
246"166"N
278'168'N
261"163"N
260'158'N
259"/70"N

256" 168.50N

260"/67"N
264"/54"N
255"/67"N
272"/59"N
260"/62"N
267"/60"N
258"/71"N
27 5" /59"N
26gol54'N

280"/54'N
276"159"N
279"1610N

269"164"N
265"/64"N
217" /70"N

270"157"N
259"/53.50N
27 r" /54.50N

264" 165.50N

5/6
6/6
5/5

6t6
6/6
5/6
4/6
6/6
4/6
6/6

6/6
4/6
6t6
2/6
5/6
6t6
5t6
6/6
6/6
6t6
6/6
6/6
6/6
5/6
6/6
5/6
4/6
5/5

6/6
4/6
6/6
6/6
6t6
6/6
6/6
6/6
6/6
6/6
5/6
6/6
4/6
6/6
6t6

6/6
4t6
6/6
8/8

6t6
6/6
6t6
8/8

8/8

4t6

5/6

259'l58"N

277"152"N
265'l50"N

265"/60.50N
247.5"158"NW

258'l45'N
26r"/45"N

264"/45.50N
272.5"/37.50N

291"136"NE

BRl 518 34r 57 48

BR2 616 354 47 30

RE4 8/8 18 41 138

RE3 416 normal?
RE2 416 unstable
REl 4/6 unstable
NU4 416 unstable
NU3 6/6 18 60 366
NU2 6/6 normal?
NUl 416 8 48 6r
ANl 4/8 2Tr 42 610
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sampled Saugus sections adequately represent the average

behavior of the geomagnetic tield and its secular variation.

RESULTS AND DISCUSSION

Magnetostratigraplty of the Saugus Formation near Magic
Mountain

Prior to this study the Saugus Formation was known to have

been deposited in the Pliocene and Pleistocene, based on

Pliohippus and horse teeth collected from the formation

[Winterer and Durham, 1962]. Our results show that the

Saugus in the Magic Mountain area is predominantly of
reverse polarity and is capped by a sequence of normal polar-

ity sites (Figures 3 and 8). The ash bed discovered in the

upper normal polarity zone of TL (Figures 3 and 8) has

chemical affinities to the Bishop and Friant ashes, and it is not
possible to discriminate between them on the basis of
geochemistry (work of A. Sarna-Wojcicki as discussed by

Levi et al. t19861). Because the Bishop tephra layer is

widespread over the central and western conterminous United

States, including southern California, while the Friant ash

occurs only rarely, we assume that the ash layer in the TL
section is the Bishop tephra (A. Sarna-Wojcicki, personal

communications, 1992), which has been recently dated at0.76

Ma [Izett and Obradovich, 1991; Pringle et al., 1992]. Hence

the data indicate that the Saugus in this area was deposited

during the Matuyama (reverse) and lower Brunhes (normal)

chrons. Therefore the base of Saugus is younger than 2.6Ma,
the age of the GaussAvlatuyama boundary according to the

recent revisions of the magnetic polarity time scale, [Johnson,
T982; Shackleton et al., 1990; Hilgen,1991; Baksi, L992;

Spell and McDougall, 1992; McDougall et al., 19921. In the

SCR section the BrunhesAvlatuyama boundary is well
constrained between the normal sites SC-6 and SC-57 and

reverse site SC-20 (Table 3; Figures 3 and 8). In the TL
section it is not clear whether sites TL 100-TL 103 (Tabtre2;

Figures 3 and 8) belong to the Brunhes or the Jaramillo

subchron; the latter interpretation is preferred at present,

based on the correlation with the SCR section and the 0.76 Ma
age of the Bishop ash.

In the Matuyama of the SCR section, we sampled a single

normal polarity site (SC 25: Table 3, Figures 3 and 8) about

192 m stratigraphically below the BrunhesAvlatuyama

boundary. In the Matuyama of the TL section there is a

cluster of several normal polarity sites (TL 5l-TL 60: Table

2, Figures 3 and 8) about 1010 m below the ash bed. If the

normal Matuyama SCR site is assumed to represent the

Jaramillo subchron, then the average sedimentation rate

between SC 25 and the overlying BrunhesAylatuyama bound-

ary is about 0.8 km/m.y., using the astronomically tuned

polarity time scale [Shackleton et al., 1990; Hilgen, 1991].

Similarly, taking the age of the Bishop ash as 0.76 Ma and the

normal cluster in the lower TL section as the Olduvai sub-

chron with an average age of 1.86 Ma, one obtains an average

sedimentation rate of 0.9 km/m.y. (Figures 8 and 10). The

similar average sedimentation rates of the SCR and TL
sections, which are separated by just a few kilometers, lends

confidence to assigning the normal zones in the SCR and TL
sections to the Jaramillo and Olduvai subchrons, respectively.

Subsurface well data in the study area (Yeats et a1., submit-

ted manuscript, 1992) suggest that the uppermost exposures in
the SCR and TL sections in the Magic Mountain area are

Site

D,
N deg

I, OoE, C[95,

deg k deg deg

Magic Mountain Area

Transmission Line Saugus

ALL 26 25.7

sans (60,59,57) 23 26.4

Brunhes 4 12.9

Matuyama (all) 22 28.4

sans (60,59,57) 19 30.0

sans Olduvai 16 3I.4
Santa Clara River Saugus

ALL
Brunhes

Matuyama
sans Jaramillo

16 23.0 52.0 57 10.8

6 15.3 48.1 329 4.5

10 29.0 54.8 49 lr.6
9 21 .9 54.5 45 t2.0

Transmission Line & Santa Clara River Saugus

ALL 42 24.8 52.0 34 14.0

sans (60,59,57) 39 25.I 54.3 49 1 1 .6

Brunhes ** 10 I4.3 47.5 92 8.5

Matuyama (a11) 32 28.5 53.3 31 14.5

sans (60,59,57) ** 29 29.6 56.4 57 t0.7
Matuyama (reversed) 25 30.0 57 .3 53 1 1.1

Matuyama (normal) 7 24.8 38.4 24 16.5

sans (60,59,57) 4 27.5 50.9 154 6.5

San Fernando Area

Van Norman Lake Saugus

ALL 51 358.6 41 .r 29 15.0

Brunhes 5 346.8 32.4 63 I0.2
Matuyama (all) 46 360.5 48.6 32 14.3

Matuyama (reversed) 40 359.2 48.5 30 14.7

Olduvai 6 9.7 49.4 65 10.1

Normal (all) 11 357 .8 42.2 26 15.8

Van Norman Lake & Horse Flats Saugus

ALL **
Normal
Brunhes

Matuyama (a11)

57 359.9 47 .5 29 r4.9

16 359.6 45.2 29 r5.2

8 350.8 38.8 30 r4.0
49 1.7 48.8 32 r4.4

51.8 26 15.8

55.6 45 r2.l
46.6 37 r3.3
52.6 26 r5.9
51 .2 60 10.5

58.8 59 10.5

5.6
4.6

15.3

6.2
4.4
4.8

5.0

3.7

7.0
7"1

3.9

3.3

5.1

4.6
3.6
4.0

12.6

7.4

3.8

9.7

3.8
4.2
8.4

9.0

3.5

7.0
10.3

3.1
4.2
6.6

Matuyama (reversed) 41 0.0 48.4 29 I4-9

Olduvai 8 10.3 50.5 72 9.5

N is number of sites; 063 is angular standard deviation in

degrees; D and I are average declination (D) and inclination
(I) of structurally corrected sites in degrees; k, crn, is as

described in Table 2. ** indicate the most representative

domain mean paleomagnetic directions.

independent measurements was halved, while the radius of the

95Vo cone of confidence (crqs) increased or remained the same.

Site mean paleomagnetic directions and the associated statis-
tical parameters (k and ue5) for the Saugus and Pacoima
formations in the Magic Mountain amusement park area (TL
and SCR) and the Van Norman Lake Reservoir-Horse Flats
area (VNL and HF) are listed in Tables 2-5. Table 1 shows

that 65Vo of the sampled Saugus sites yielded paleomagnetic
directions, using93Vo of the specimens from these sites in the

analyses.

The angular standard deviations (063) of the site mean di-
rections of the Saugus sections vary from 14o to 16" (Table

6), in agreement with other studies from this latitude

[McElhinny and Merrill, I97 5). These results suggest that the
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Transmission
Lirre

Santa Clara Section
River

Section

1.5 km
trt Ash Bed

1.0 km

0.5 km
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Fig. 8. Magnetic polarity stratigraphy of the Santa Clara

River and Transmission Line sections in the Magic Mountain

afea. Black is normal polarity; white is reverse. Vertical

hatches indicate no polarity interpretation. Horizontal dash

lines indicate formation boundaries; horizontal dashes to right

of polarity column indi cate sampling sites. Cross next to site

shows that there is no polarity data at the site. (Number adja-

cent to a site dash indicates the number of sites sampled at this

stratigraphic level.) Depth scale on the right hand side shows

the stratigraphic thickness.

close to the top of the section in the east Ventura basin'

Hence, on the basis of the 0.9 km/m.y. average sedimentation

rate,the youngest Saugus (Pacoima) locally was deposited at

about 0.6-0.5 Ma. Linear downward extrapolation from the

Olduvai subchron, using the same sedimentation rate, the

inferred age of the Saugus/Fernando boundary in the TL

section rs 2.3 Ma. This is consistent with the reverse polarity

of the three uppermost Fernando sites at the base of the TL

section (Figures 3 and 8). Thus the Saugus in the Magic

Mountain area was deposited between about 2.3-0.5 Ma.

The deposition of the continental Saugus sediments was

varied and episodic. This is illustrated by the presence of

numerous conglomerates and layers of coarse-grained sand-

stone. The paleomagnetic results further suggest that some of

the fine-grained overbank deposits can accumulate at prodi-

gious rates. For example, in the TL section about 60 m of

section, represented by sites TL 14, TL 16, TL 19, andTL2l,,

recorded an essentially identical, yet distinct, paleomagnetic
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E
LL
(U

E'o
C)
(U
o_

co
(U

E
o

LL
a
f
o)
=(oa

direction (Table 2). On the basis of archeomagnetic data

about rates of secular variation [e.g., Merrill and McElhinny,

19831, these units were probably deposited in less than 1000

years, in contrast to more than 50,000 years calculated from

the average sedimentation rate. As another illustration, sites

TL 57, TL 59, and TL 60, which represent2}-30 m of
section, recorded the same intermediate direction (Table 2),

suggesting that they probably represent less than a few

hundred years. (Hence these fine-grained overbank deposits

can be considered the sedimentary equivalents of lavas in

recording instantaneous paleomagnetic directions.) These

results further suggest that significant intervals of the Saugus

and Pacoima formations betw een 2.3 and 0.5 Ma might be

represented by disconformities, due in part to nondeposition

as well as scouring and erosion of the section by a high-

energy flow regime.
In the TL section, the inferred Saugus/Pacoima boundary (J.

A. Treiman, written communications, 1991) is in the Brunhes,

just above the ash locality, with an extrapolated age estimate

of about 0.7-0.6 Ma for the boundary. In the SCR section, the

Saugus/Pacoima boundary as mapped by Weber [1982] is also

in the Brunhes chron (Figure 3).

Van Norman
Lake

Section
2.0 km

1.5 km

1.0 km

0.5 km

: Okm

Fig. 9. Magnetic polarity stratigraphy of the Van Norman

Lake section in the northwest San Fernando Valley. Black is

normal polarity; white is reverse. Horizontal dashes to right

of polarity column represent sampling sites. Cross next to site

shows that there is no polarity data at the site. Depth scale on

the right hand side shows the stratigraphic thickness.



Magnetostratigraphy of the Van Norman Lake-Horse Flats
Area

The VNL Saugus section, along and just west of Van

Norman Lake (Figures 4 and 9), is approximately 1.9 km

thick. The uppermost five sites are nonnal, while the underly-

ing reverse section includes a zone of six normal sites in the

lower Sunshine Ranch member of Saugus, representing 60-70
m of section (Table 4; Figures 4 and 9). By analogy with the

reference section near Magic Mountain, we conclude that the

VNL section was deposited mostly during the Matuyama, and

the normal sites at the top of the section belong to the Brunhes

chron (Figure 10). From the position and extent of the normal

sites in the Sunshine Ranch member, we infer that they were

probably deposited during the Olduvai subchron, l.7J-1.95
Ma [Hilgen, 1991]. The average sedimentation rate of the

VNL section, using the estimated stratigraphic positions of the

BrunhesAvlatuyama boundary and the Olduvai subchron, is

1.1 km/m.y., based on Shackleton et al.'s t19901 and Hilgen's

699

lI991l polarity time scale. Uncertainties in identifying the

correct stratigraphic position of reversals lead to estimated

uncertainties in the average sedimentation rates on the order
of + 0.1 km/MY. These results suggest that the youngest
Saugus sediment exposed in the VNL section has an age of
about 0.7-0.6 Ma. However, the top of the VNL section is

about 200 m south of the inferred position of the Mission
Hills syncline, indicating that about 100-150 m of section
might be missing from the top of the VNL section.

Introducing the "missing" 100-150 m to the VNL section
would suggest that Saugus deposition in the Van Norman
Lake area ended circa 0.6-0.5 Ma. The base of Saugus in the

VNL section has an extrapolated age of about 2.3 Ma, very
similar to the age of the Saugus/Fernando boundary of the TL
section in the Magic Mountain area, but the average sedimen-

tation rate in the VNL section is about 20Vo higher.
On the basis of the results in the VNL section, the cluster of

normal sites along i..iugent Street, about 2 krn west of the VNL
section (middle of Figure 4; Table 5), would seem to correlate

VNL

- ?--
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Fig. 10. Interpretation of the polarity stratigraphy in terms of the magnetic polarity time scale of Hilgen

[1991] and Shackleton et al. [1990].
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wltn tne Olduvai subchron. The normal sites at Reseda

Boulevard and Braemore Road on the south side of Horse

Flats (left part of Figure 4) represent the Brunhes chron, and

because they are from the upper Saugus member, they must

be younger than the Brunhes sites in the VNL section.

Timing of uptift of the santa susana Mountains

The upper Saugus of the Van Norman Lake-Horse Flats

areais diitinguished from the underlying sediments in being

comprised of locally derived [Saul, I9]9, p. 9l o'sandstone

concretions and ever more angular fragments of porcelaneous

shale, rocks common in the Towsley and Modelo Formations

now exposed to the north in the Santa Susana Mountains. The

base of the upper member is drawn where the coarse clastic

beds are almost exclusively sandstone and shale fragments.

The remaining small proportion of cobbles of igneous and

metamorphic rocks probably were reworked from the new

source area." Because the sediment of the middle and

Sunshine Ranch members of Saugus are considered to origi-

nate predominantly from more remote Source areas north and

northeast in the Soledad basin, the more local source of the

upper Saugus is taken as evidence for the beginning of uplift

of the santa susana Mountains. This suggests that the initia-

tion of uplift of the Santa Susana Mountains has occurred

since 0.7-0.6 Ma (Figure 11), the extrapolated age of the top

of the VNL section. This age is very similar to the indepen-

dently estimated age of the Saugus/Pacoima boundary in the

TL section, which is also characterized by a change from

remote to predominantly locally derived clasts from the

Saugus Formation itself. Because this uplift was produced by

the initiation of upward ramping on the Santa Susana fault,

determining the displacements of the base of the Saugus

Formation on both sides of the fault should permit the calcula-

tion of late Quaternary slip rate on this fault (G. Huftile and R.

S. Yeats, manuscript in preparation, 1992).
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_ ^iSan Gabriel
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Diagrammatic cross section at 0.7-0.6 Ma, age of initiation of locally-derived clasts in Qsu and Qp.
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P aleomagnetic D irections

In the Magic Mountain area, 42 of the 70 sampled sites

yielded paleomagnetic directions, and, for these sites, more

than 90Vo of the specimens were used in calculating the mean

directions (Table 1). The mean paleomagnetic directions

from the TL and SCR sections are statistically indistinguish-

able, and therefore they are treated together (Table 6). In
calculating the mean direction we exclude the results from

sites TL 57, TL 59, and TL 60, because the paleomagnetic

directions of these sites deviate from the mean of all 42 sites

by more than twice the angular standard deviation. Sites TL
57,TL 59, and TL 60 are interpreted to have acquired their

remanence during the polarity transition from the normal

Olduvai to the overlying reverse Matuyama chron. The aver-

age direction for 39 sites is D =25o,I - 54o, c[es = 3" (Table

6). The mean inclination is identical to the expected geocen-

tric axial dipole inclination at this site, indicating that the fine-

grained Saugus sediments in this area recorded the paleomag-

netic field with no discernable inclination shallowing. The

average declination of the Saugus Matuyama sites (N=29) in

this area shows 30o clockwise rotation since about 2.3 M.a.

The 10 Brunhes sites are rotated 14o clockwise (Figure 12;

Table 6). If the rotation of the Magic Mountain area were

progressive since sometime in the Matuyama, then the data

would suggest that the rotation began prior to the uplift of the

Santa Susana Mountains. On the other hand, if the progres-

sive appearance of the rotation were a rock magneti c artifact,

due to incomplete removal of a secondary ove{print compo-

nent, then about 25o of clockwise rotation has taken place

since sometime in the Brunhes, accompanying the uplift of the

Santa Susana Mountains.
In the Van Norman Lake-Horse Flats area south of the

Santa Susana fault more than two thirds of the sampled sites

yielded paleomagnetic directions (Table 1). The mean direc-

tion for 5l sites is D = 360o, I = 48o, o(es = 4o, showing no

Castaic
JunctionHorse

Flats

S.

6obo

SANTA SUSANA
MOUNTAINS

Qp

Cross section at present

Fig. 1 1. Diagrammatic cross sections illustrating the timing of uplift of the Santa Susana Mountains.

Abbreviations are Mm, Modelo Formation; MPt, Towsley Formation; Pf, Fernando Formation; Qts'

Saugus Formation; Qsu, upper Saugus Formation; Qp, Pacoirna Formation; and SSF, Santa Susana fault.

QTs

'A
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rotation and inclination shallowing of about 6' (Figu rc 12;
Table 6).

The two study areas represent neighboring domains, each
of a few square kilometers (Figure 2). one is rotated; the
other is not. The average clockwise rotation is consistent with
the gross dextral shearing interaction between the North
American and Pacific plates [e.g., Jackson and Molnar, 1990],
while the specific deformation of each domain is probably
determined by its geometry and interactions with adjacent
domains along the boundaries. It is not surprising that in such
a tectonically active area small domains can exhibit high rates
of rotations.

CONCLUSIONS

1. Magnetic stratigraphy of the fine-grained Saugus and
Pacoima strata and the discovery of the 0.76 Ma Bishop ash
show that the Saugus and Pacoima formations both north and
south of the Santa Susana fault were deposited from about 2.3
to 0.5 Ma.

2. The average Saugus sedimentation rate south of the
Santa Susana fault west and adjacent to the Van Norman Lake
Reservoir is 1.1 km/m.y., more than Z\vo higher than north of
the fault in the Magic Mountain area, where the average
sedimentation rate is about 0.9 km/m.y.
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3. Magnetostratigraphic dating of the Saugus/Pacoima
boundary in the Magic Mountain area and the Saugus/upper
Saugus boundary at Horse Flats, above which the predomi-
nant clasts are locally derived from units now exposed in the
Santa Susana Mountains, suggests that the initiation of uplift
of the Santa Susana Mountains occurred about 0.74.6 Ma.

4. Paleomagnetic directions of the Saugus Formation in the
Magic Mountain domain north of the Santa Susana fault,
bordered to the north and northeast by the Holser and San

Gabriel faults, respectively, suggest that this domain has

rotated 30" clockwise since 2.3Ma, while the Saugus of the
Van Norman Lake domain south of the Santa Susana fault
shows no rotation during this time interval.

Acknowledgments. We thank the Newhall Land and
Farming cornpany for permission to sample on their proper-
ties in the Magic Mountain area and J. A. Treiman for his
advice and for providing his unpublished field notes of the TL
and SCR sections. L. T. Stitt participated in the field work thar
discovered the ash bed in the TL section and that was subse-
quently chemically analyzedby A. sarna-wojcicki. Dennis
Schultz assisted in the field and did the paleomagnetic
measurements. This study was supported by the U.S.
Geological Survey: NEHRP conrract L4-08-0001-G1353. J.
A. Treiman and P. L. Ehlig provided very useful reviews of
the manuscript.

Levi and Yeats: Timing of Uplift of Santa Susana Mountains, California

270

Fig' 12' Site mean, structurally corrected directions for the Magic Mountain and Santa Susana Mountains
areas. Diamonds represent the Plio-Pleistocene geocentric axial dipole. Solid circles are lower hemi-
sphere Brunhes directions; open circles, upper hemisphere directions of Matuyama sites; open squares
represent Olduvai and Jaramillo sites, with directions inverted to reverse polarity. The arrows to the
perimeter of the upper stereogram indicate the average declinations of the Matuyama and Brunhes sites.
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