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ABSTRACT

The Newark basin contains a 7-km-thick sedimentary section,
which spans approximately 25 m.y. of the Late Triassic and earliest
Jurassic (middle Carnian to Hettangian). Previously paleomagnetic
study of the Newark red beds has demonstrated that complete pro-
gressive thermal demagnetization can effectively isolate a high-
temperature characteristic magnetization. In the lower Newark strata
(middle Carnian to early Norian in age), this magnetization yielded a
pole position at 54°N, 102°E, and in the upper Newark strata (Hettan-
gian in age) a pole position at 55°N, 95°E. Results from 23 new sites in
the middle and upper Norian red beds of the Passaic Formation,
including 15 sites from the Jacksonwald region that yield a positive
fold test, fill the temporal gap between our two prior studies and yield
a pole position at 56°N, 95°E (Aqs = 4.4°). These results from the
middle Newark confirm that North American apparent polar wander
was very slow (~0.2°/m.y.) during the Late Triassic through earliest
Jurassic.

These new sites define reversed and normal polarity magneto-
zones that are stratigraphically consistent with and extend our pre-
vious results. The Newark reversed and normal polarity characteristic
magnetizations form a correlatable pattern of 12 magnetozones that
are stratigraphically coherent throughout the basin with respect to
independent lithostratigraphic marker units that reflect synchronous,
basinwide variations in water depth. Temporal calibration of the
Newark magnetostratigraphy on the basis of biostratigraphy, radio-
metric age determinations, and Milankovich-driven cyclostratigraphy
indicates that geomagnetic polarity was reversed 70% of the time and
that the mean polarity duration was 2 m.y. or less during the Late
Triassic and earliest Jurassic.

INTRODUCTION

During the nascent stages of the breakup of Pangea in the Triassic,
half grabens developed in the extended continental crust along the Atlantic
coast of North America. The Newark basin, one of the best exposed and
certainly the best known of the 10 or so of these eastern North American
Mesozoic sedimentary basins, contains an ~7-km-thick lacustrine and
fluvial section that spans at least 25 m.y. of the Late Triassic (middle
Carnian) and earliest Jurassic (Hettangian) (Figs. 1a and 1b). This thick
sedimentary section is apparently complete, without significant hiatuses or
unconformities, and includes a lithologic sequence of lake-level cycles that
can be traced throughout most of the basin. These lake-level cycles provide
independent stratigraphic correlation and potentially a high-resolution,
temporal cyclostratigraphic calibration (Olsen, 1986).
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Presently the geomagnetic polarity time scale (GPTS) effectively ex-
tends back only as far as the Middle Jurassic (Kent and Gradstein, 1986),
for times when there is oceanic crust with an interpretable magnetic
anomaly record. Attempts to construct a reliable GPTS for earlier periods,
such as the Triassic, require thick continuous sections of long duration,
without significant hiatuses, and with favorable magnetic properties. The
Newark basin sedimentary section is a prime candidate for a geomagnetic
polarity reference sequence, which would be useful for correlation within
the Newark Supergroup basins as well as globally, especially between
marine and nonmarine sections which typically do not share the same
biostratigraphic control.

Early paleomagnetic studies of Newark Supergroup and associated
rocks concentrated mainly on lavas and associated igneous intrusions and
indicated that the rocks carried a predominantly normal polarity magneti-
zation (Dubois and others, 1957; Opdyke, 1961; Irving and Banks, 1961;
Bowker, 1960; Beck, 1965, 1972). These results led to the notion of a
long normal polarity “superchron” during the Late Triassic and perhaps
the Early Jurassic (for example, the Graham interval of McElhinny and
Burek, 1971; the Newark interval of Pechersky and Khramov, 1973; and
the TRN interval of Irving and Pulliah, 1976). This interpretation has been
eroded by the observation that although the Newark Supergroup sedi-
ments are now recognized to represent a long interval of time (Cornet and
Olsen, 1985), the igneous lavas and intrusions associated with the Newark
Supergroup and most heavily sampled for paleomagnetic study (Smith and
Noltimier, 1979) were crystallized during a short igneous episode in the
earliest Jurassic (~200 Ma; Sutter, 1988; Olsen and Fedosh, 1988), rather
than over a prolonged period, such as from 170 to 204 Ma as suggested,
for example, in the Irving and Irving (1982) paleomagnetic pole
compilation.

Reversely magnetized sediments from the Newark basin were noted
by Bowker (1960), although the study of McIntosh and others (1985)
presented the first comprehensive stratigraphic sampling of a large interval
of the Newark section and resulted in a broadly correlative magnetostratig-
raphy for the basin. In that study, 94% of the sample polarity
determinations were made on the basis of a blanket demagnetization to
550 °C, the balance of the determinations based on demagnetization to
450, 610, or 650 °C. Examination of the six Zijderveld (1967) demagne-
tograms presented in that paper reveals that thermal treatment to 550 °C is
usually not adequate to unambiguously determine the polarity of the high-
temperature characteristic magnetization. Incomplete removal of a normal
polarity overprint by a blanket thermal demagnetization to 550 °C can
perhaps account for the many stratigraphic levels of apparently mixed
polarity in that seminal study.

We have found that complete progressive thermal demagnetization of
all samples to 680 °C, the Curie point of hematite, is necessary and
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Figure 1b. Geologic sketch map of the Newark basin (Olsen and others, 1989), showing the locations of outcrop sites (circles) and borehole
sites (diamonds). Key to formations as in Figure 1a.
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TABLE 1. STTE-MEAN CHARACTERISTIC (C COMPONENT) MAGNETIZATION DIRECTIONS FOR THE UPPER PASSAIC FORMATION
Site n/Type Lat (N) Lon (W) Strike Dip k ays Geo Bed
Dec Inc Dec Inc
Raritan River section
TGA 5/ 40°30.53 74°28.39 228 12N 22 16.6 003.6 19.0 0014 10.6
TGC 4/1 40°30.77 74°29.27 228 1IN 34 159 026.3 350 0199 304
TGD 5/1 40°29.19° 74°26.03 230 ION 32 137 005.3 20.1 003.1 130
TGE 5N 40°29.25 74°26.14 218 13W 17 194 010.3 279 005.1 214
TGF 2/1 40°29.28 74°26.24' 236 16N 52 — 1943 -30.0 189.1 -18.6
TGJ 8/1 40°30.78° 743170 230 13N 12 16.6 000.8 20.5 358.8 106
Jacksonwald section
TIA 4/1 40°18.81" 75°50.67 278 74N 13 263 021.3 65.8 0135 -07.7
TIB 4/1 40°16.35 75°4391" 238 20N 13 263 009.4 370 002.5 212
TIC 5/1 40°16.10° 75°44.02 254 25N 32 138 017.7 358 0116 142
TID 4/1 40°15.82 75°44.22 242 30N 28 176 202.0 -429 188.9 -20.7
TIJE 2/1 40°18.03 75°43.62 153 35W 168 — 182.0 15.7 185.7 026
TIF 6/1 40°19.00° 75°47.69 148 37w 3t 123 1843 102 1838 -120
TIG 3/1 40°17.01’ 75°47.80° 268 28N 127 11.0 196.8 -489 1913 -21.8
TJH 6/1 40°16.02° 75°45.33 268 28N 246 43 025.5 4.7 018.4 189
™ 5/1 40°18.87 75°51.32 291 65N 162 6.0 352.8 593 006.8 -02.6
TN 4/t 40°18.87 75°51.32 287 SON 26 182 352.9 777 0110 286
TIK o/u1 40°18.22 75°39.68 293 28N — — — — — —
TIL 2/1 40°18.20° 75°39.27 293 30N 14 — 177.3 -49.3 185.6 -21.7
TIM 6/l 40°17.92 75°39.88 293 20N 31 123 345.1 338 3508 175
TIN 3/1 40°17.58 75°40.94° 108 208 23 26.1 176.2 114 176.5 -07.1
TIO 4/1 40°17.50° 75°40.94 118 278 4 140 1725 158 1739 —-06.4
Tip 4/1 40°17.000 75°41.22 118 258 28 17.8 343.9 -00.2 3412 174
TIQ 5/1 40°15.10° 75°42.21 268 40N 31 139 356.3 535 3572 135
TIR 3/1 40°18.87 75°51.32 282 56N 28 240 3138 736 3570 250
1-280 section
TGG 3N 40°45.15 74144 231 1IN 16 319 194.8 080 196.5 14.2
TGH 371 40°45.48 74°12.33% 222 ™w 14 340 199.6 003 199.7 024
TGI 471 40°46.28 74°14.18 239 9N 33 163 199.6 -16.2 1979 -10.3
Upper Passaic mean type I site direction
All 231 006.4 29.7 005.5 13.0
k=8 k=30
ags =119 ags =56

n, number of samples (sites for overall mean); Type, level of data reliability (criteria discussed in text); Lat, Lon, north latitude and west longitude of site; Strike, Dip, bedding attitude observed at each site; k, xgs, best estimate of precision
y Lo . Ny fon (Bed).

parameter and radius of 95% confidence interval about the mean; Dec, Inc, decli and inclination of mean di

(in degrees), in geographic frame of reference (Geo) and after

for bedding ori

effective to isolate reversed and normal characteristic magnetizations from
the oldest (middle Carnian to early Norian) sedimentary rocks of the
Newark basin section (Witte and Kent, 1989) and yields uniform within-
site polarities. Higher in the section, results from comprehensive sampling
of the earliest Jurassic (Hettangian) extrusive zone sediments of the
Newark basin compared to the coeval basalts confirm that the sediments
are reliable paleomagnetic recorders (Witte and Kent, 1990). Paleomag-
netic pole positions from those two studies of the lower and upper Newark
strata show little separation (4° + 7°) and thus imply a very slow rate of
apparent polar wander (APW) over 25 m.y. of the Late Triassic.

The new results presented here from the middle Newark strata, of
middle and late Norian age, fill in the gap between our two prior studies
and test the hypothesis of slow APW for North America during the Late
Triassic. This paper also places our entire collection of polarity data in a
time-stratigraphic framework in order to develop a Late Triassic and Early
Jurassic GPTS.

GEOLOGIC SETTING AND SAMPLING

The sediments that accumulated in the Newark basin during the
middle Carnian through Hettangian consist of predominantly fluvial clas-
tic material near its base (the Stockton Formation) and predominantly
lacustrine mudstones with minor fluvial sandstones higher in the section
(the Lockatong, Passaic, Feltville, Towaco, and Boonton Formations)
(Fig. 1b). The lacustrine clastic rocks are typically red with interbedded
gray and black beds, which form a basis for subdivision of some of the
sedimentary formations into a large number of members (for example, the
Lockatong and Passaic Formations with about 20 members) (Olsen and
others, 1989). These laterally persistent members reflect basinwide varia-
tions in lake water depth and are thus time horizons useful for correlation
(Olsen, 1986; Olsen and others, 1989).

Structurally, the Newark basin is a half graben bounded to the
northwest by a series of normal faults and to the southeast by a basal
unconformity. The strata generally dip homoclinally to the northwest at
about 10°-15° except in the limbs of transverse folds associated with the
border fault, such as the Jacksonwald syncline (Fig. 1b). During and after
deposition, normal faults dissected the Newark section into several major
fault blocks, the later erosion of which provides good, aibeit discontinuous,
exposure of the entire section along rivers, streams, and highways in sev-
eral different regions of the basin.

The upper Passaic Formation was sampled at 27 sites in strata of
middle and late Norian age (Table 1). As in our previous studies, most of
the sites were concentrated along across-strike transects spaced tens of
kilometers apart. By sampling in this manner, it was possible to test the
reproducibility and lateral continuity of the magnetozones. At each site, 5
or more independently oriented cores (or oriented blocks in rare cases)
were taken over a stratigraphic interval of 3 to 30 m. Cores were oriented
using a magnetic compass or using a sun compass in cases where anoma-
lous local magnetic declinations were encountered. The sampling strategy
was designed to provide temporal coverage within each site for an estimate
of the time-averaged field for pole studies; however, the stratigraphic posi-
tion of each site was always determined with respect to characteristic
stratigraphic markers in the basin for magnetostratigraphic purposes. Out-
crops are discontinuous in the study area with few very thick stratigraphic
exposures; thus our sampling regimen was compatible with outcrop avail-
ability. Stratigraphic distances between sites were calculated from bedding
strikes and dips and the interpretation of the local structure from geologic
maps (Lyttle and Epstein, 1987; Olsen and others, 1989).

Throughout the Newark basin, the Upper Triassic sediments were
intruded by diabase dikes and sills (as much as 400 m thick) at ~200 Ma,
coeval with the Hettangian igneous extrusive episode (Dunning and
Hodych, 1990; Sutter, 1988; Ratcliffe, 1988). These intrusions are in many
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cases rimmed by hornfelsed sediments, which typically produce uninter-
pretable demagnetization data; however, these alteration aureoles are at
most about 100 m thick. The intrusions themselves are inferred to have
been partially or totally remagnetized during the Middle Jurassic (Witte
and Kent, 1989); thus they and their hornfelsed rims were avoided in our
sampling.

(a) (b)

(c)

w

PALEOMAGNETIC RESULTS

Methods

After the core samples were trimmed into 10-cm3 specimens, their
natural remanent magnetization (NRM) was measured on a two-axis ScT

W, Up

-~

E,Dn

(d)

NRM E, Dn

Figure 2. Zijderveld demagnetograms illustrating typical demagnetization behavior observed in Passaic red beds from the Raritan River
and Jacksonwald regions of the Newark basin. Closed symbols are projections onto the horizontal plane, open symbols are projections onto the
vertical north-south plane, all in geographic coordinates. Stippled bars highlight the characteristic (C component) demagnetization trajectories.
(a) Sample taken 4.5 m below, and (b) sample taken 0.1 m below the base of the Ukrainian Village member at site TGJ from Raritan River;
(c) sample taken in beds of southwest dip, and (d) sample taken in beds of northwest dip in the Jacksonwald syncline.
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Figure 3. Equal-area stereo-
graphic projections showing the 23
type I C component site-mean di-
rections for the middle Newark pole
before and after bedding correc-
tions. Triangles indicate site direc-
tions from the Jacksonwald region,
circles from the Raritan and 1I-280
sections. Solid/open symbols indi-
cate downwardly/upwardly direct-
ed site means. Squares (with ags
envelopes) indicate the mean direc-
tions of 15 sites with normal polar-
ity (N) and 8 sites with reversed
polarity (R; the antipode is shown).
The mean direction of all 23 sites is
indicated by a X. The + indicates the
present dipole field at the sampling
sites.

C component
Geographic
kg =8

cryogenic magnetometer with a 6-cm access. Alternating-field demagneti-
zation to 100 mT indicated that the NRM of the red beds resides mainly in
high-coercivity magnetic minerals. This is confirmed in isothermal rema-
nent magnetization experiments (Witte and Kent, 1989), which suggest
that the predominant carrier of the remanent magnetization in these rocks
is hematite. Progressive stepwise thermal demagnetization to the maxi-
mum unblocking temperature of hematite (~680 °C) has proven effective
in decomposing the NRM into characteristic and overprint magnetization
components. '

Most of the remanence measurements and thermal demagnetization
experiments on samples from the Passaic Formation were made in a
shielded room, as it became available, with an ambient field of about 300
nT. Stepwise thermal demagnetization at 15 to 20 steps was performed on
at least one specimen from each core using either a pass-through Schon-
stedt demagnetizer (<10 nT during cooling, ~+15 C° temperature control,
9-sample capacity) or, upon completion of its construction, a 3-zone ther-
mal demagnetizer (<5 nT during cooling, ~+5 C° temperature control,
50-sample capacity), which heats and cools the samples in the same
chamber. The two thermal demagnetizers yielded nearly identical demag-
netization results for companion specimens from the same core. Compo-
nents of NRM, identified as linear trajectories on Zijderveld demagneto-
grams, were estimated through principal-component analysis (PCA)
(Kirschvink, 1980). Site mean component directions were calculated
(Fisher, 1953) from at least three independently oriented cores, each based
on complete progressive demagnetization on one or more specimens.

Isolation of Magneﬁzaﬁon Components

During the demagnetization of NRM of samples from the Passaic
Formation, 2 components of magnetization were typically identified after
the removal of spurious magnetizations generally below 200 °C (Fig. 2).
An intermediate unblocking temperature component of magnetization,
very similar to that-isolated in our previous studies of stratigraphically
adjacent and lithologically similar red beds (Witte and Kent, 1989, 1990),
was isolated between 300 and about 630 °C. This uniformly normal
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C component
Bedding
ky =30

N = 23 sites

polarity overprint magnetization fails a fold test and is consistently steeper
than the characteristic magnetization yet shallower than the Earth’s present
field at the sampling sites (Witte and Kent, 1991). The age of this magneti-
zation most likely corresponds to that of the hydrothermal disturbance
(~175 Ma) that Sutter (1988) suggested reset the K-Ar systems of many of
the diabase intrusions (Witte and Kent, 1989). The overprint (B compo-
nent) magnetization is not of direct interest here and is discussed elsewhere
(Witte and Kent, 1991), but it is important to recognize the ubiquitous
presence of this secondary magnetization throughout the basin as a possi-
ble contaminant that must be isolated from the characteristic (C compo-
nent) magnetization.

A high—unblocking temperature component of magnetization which
demagnetizes to the origin was revealed above about 640 °C in thermal
demagnetization experiments (Fig. 2). This C component magnetization
was isolated in 3 or more independently oriented samples from a total of
23 middle and late Norian sites and is similar in its demagnetization
behavior to the high-unblocking temperature component observed in our
earlier Newark studies. In these 23 middle and late Norian sites, which
yielded reliable estimates of the C component direction, the magnetization
was directed to the north and down (normal polarity) in 15 sites and south
and up (reversed polarity) in 8 sites (Fig. 3; Table 1). The overall mean
direction (after inverting the directions of reversed polarity sites) for the 23
sites is declination/inclination = 006.4°/29.7° (k = 8, ags = 11.9°) before
structural corrections and 005.5°/13.0° (k = 30, ags = 5.6°) after structural
corrections are applied (Table 1). The precision parameter is improved by
a factor of 3.75 after tilt correction of the 23 site mean directions, indicating
a positive fold test (McElhinny, 1964), even though the difference in
dispersion is controlled largely by structural variation associated with the
15 sites from the Jacksonwald syncline.

Jacksonwald Syncline Fold Test
Dips in the folds of the Jacksonwald region are generally about 35°

but locally range to 70° with fold axes running northwest-southeast and
plunging gently (~15°) to the northwest. Folding started very soon after or
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Figure 4. North American Late Tri-
assic through Early Jurassic paleomag-
netic reference poles and the APW path of
Gordon and others (1984) with their pre-
dicted 225 and 203 Ma pole positions.
Reference poles used and listed in Gordon
and others (1984) include P, Carnian/
Norian Popo Agie pole; MN, 215 Ma
Manicouagan impact-structure pole; CH1,
Late Triassic Chinle (Redonda Member)
pole; W, Sinemurian Wingate pole; CH2,
Late Triassic Chinle (Church Rock Mem-
ber) pole; K, Pliensbachian Kayenta For-
mation pole. Also shown are more recent
results from the southwestern United
States: CH3, Late Triassic Chinle Forma-
tion (Upper Shale Member) pole (Bazard
and Butler, 1989); CH4, Late Triassic
Chinle Formation (Owl Rock Member)
pole (Bazard and Butler, 1990); CHS, Late
Triassic Chinle Formation (Shinarump
Member) pole (Molina-Garza and others,

1990); M, Sinemurian/Pliensbachian Moe-

nave Formation pole (Ekstrand and Butler, 1989). Triangles/circles indicate the location of the CH2, CH4, CH5, W, M, and K poles
before/after correction for 5.0° of Colerado Plateau rotation (Bryan and Gordon, 1990). Squares indicate characteristic magnetization poles
from lower Newark strata (middle Carnian/ early Norian; Witte and Kent, 1989), middle Newark strata (middle and late Norian; this paper),

and upper Newark strata (Hettangian; Witte and Kent, 1990).

during deposition, as evinced by thickness and facies relations within the
cyclic lacustrine sediments, and was probably related to subsidence of the
basin along the border fault (Olsen and others, 1989). The geometry of the
folds suggests that the plunging and the folding were acquired nearly
simultaneously. Folding was certainly completed prior to regional coastal
onlap in the Cretaceous.

The C component magnetization directions (after inverting reversed
polarity site directions) in the upper Passaic Formation of the Jacksonwald
syncline are considerably more coherent after a simple tilt correction (rota-
tion of the beds to horizontal about the present strike) than before (Fig. 3);
an incremental bedding correction analysis shows that minimum disper-
sion is achieved only at practically full (96%, indistinguishable from 100%)
tilt correction. For the 15 sites in the Jacksonwald region, the precision
parameter is improved by a factor of 5.6 in the bedding frame of reference,
which is significant at the 99% confidence level according to the f-ratio
criterion of McElhinny (1964), a method judged to be overly stringent by
McFadden and Jones (1981). Furthermore, the distribution of site direc-
tions is non-Fisherian before tilt correction and becomes indistinguishable
from Fisherian after tilt correction (using the x2 test of Watson and Irving,
1957). The substantial reduction in dispersion after tilt correction leads us
to conclude that the characteristic magnetization was most likely acquired
before any significant folding and thus very early in the history of these red
beds. Therefore, a tilt correction is necessary to establish the direction of
the ancient geomagnetic field.

Reversal Test

The tilt-corrected mean directions from the normal sites (003.8°/
15.7°, k = 33, ags = 6.8°, N = 15) and from the reversed sites

(188.5°/-7.9° k = 28, ags5 = 10.6°, N = 8) differ from antipodality by 9.1°
(Fig. 3). This difference is not statistically significant, thus indicating that
these directions pass the McFadden and McElhinney (1990) reversal test
with a C classification; most of the difference is in inclination (the mean
reversed direction is 7.8° shallower than the mean normal direction),
which can be attributed to minor overprint contamination. If the contami-
nation is small (as is suggested by the observed small angular departure
from antipodality) and independent of polarity, then its directional bias on
the overall C component mean should already be largely removed by
averaging over the 23 normal and reversed sites. This is confirmed in the
observation that the preferred overall mean (005.5°/13.0°, N = 23) differs
by only about 1° from the mean of the normal and reversed (inverted)
subsets of sites (006.2°/11.8°, N = 2). '

Paleomagnetic Poles and Site Paleolatitudes

The 15 sites which form the positive fold test in the Jacksonwald
locality, the 5 sites from the Raritan traverse, and the 3 sites from the [-280
traverse yield a total of 23 site mean virtual geomagnetic poles (VGP’s),
which produce, after tilt correction, a mean middle Newark pole (upper
Passaic Formation) at 56°N, 95°E (K = 49, Ags = 4°). This middle to late
Norian pole does not differ significantly (at 95% confidence level) from the
lower Newark pole (middle Carnian/early Norian age) at 54°N, 102°E
(Ags = 5, N = 19) and nearly coincides with the upper Newark pole
(Hettangian age) at 55°N, 95°E (Ags =5, N = 11) from the Newark basin
section (Witte and Kent, 1989, 1990) (Fig. 4; Table 2).

The Newark section pole positions imply a near-equatorial paleogeo-
graphic location for the Newark basin throughout most of the Late Triassic
and earliest Jurassic (Fig. 5). The paleolatitude estimates (4° + 3°N in the
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TABLE 2. CHARACTERISTIC (C COMPONENT) MAGNETIZATION DIRECTIONS AND POLE POSITIONS FOR NEWARK BASIN SEDIMENTARY SECTION
Unit N k ags Dec Inc K Ags Lat Lon Age Reference
Lower 19 32 6.0 001.8 75 50 48 54 102 Middle Carnian Witte and
Newark . to early Norian Kent, 1989
Middte 23 30 56 005.5 13.0 49 44 56 95 Middle and This paper
Newark late Norian :
Upper 11 59 60 006.3 129 72 54 55 95 Hettangian Witte and
Newark : Kent, 1990
Joint mean ’
Newark 53 34 34 0043 11.0 53 27 55 97 Middle Carnian/ This paper
basin Hettangian

Unit: Lower Newark consists of results from the Stockmn Lockatong, and lowest Passmc Formations; Middle Newark consists of results from the middte and upper Passmc Formauon Uppcr Newark oonmsts of muhs from the extrusive zone

sediments. N, number of sites that contribute to mean direction; k, ags, best estimate of precision parameter and radius of 95% confidence interval about the mean d Dec, Inc, till and i

ion of mean directions in

degrees; K, Agg, best estimate of precision parameter and radms of 95% confidence mtcrval about the mean pole; Lat, Lon, north latitude and east longitude of mean of the site VGP's; Age, age of unit.

middle Carnian/e¢arly Norian, 7° + 3°N in the middle to late Norian, and

+ 3°N in the Hettangian) are consistent with-a tropical climate inter-
preted from the Newark paleontology and hthology (Y;m Houten 1977;
Cornet and Olsen, 1985; Olsen and Sues, 1986). -

POLARITY DATA AND THEIR
STRATIGRAPHIC CONTEXT
Reliability and Site Classification

The majority of the sites yielded NRM demagnetograms with a linear
C component decay to the origin in at least three independently oriented
specimens. This type of site behavior we call type I and deem su1table for

North
America

middle Carnian/early Norian

I

Hettangian

middle and Jate Norian

Africa

Figure 5. Late Triassic and earliest Jurassic paleogeographic re-
construction of North America and Africa (Klitgord and Schouten,
1986) with the outlines of the Newark and other Mesozoic eastern
North American rift basins shown in black. The three stippled curves
indicate the positions of the paleoequator correspondmg to the lower
Newark (middle Carnian/early Norian), middle Newark (middle and
late Nonan), and upper Newark (Hettanglan) paleopoles

paleopole and magnetostratigraphic studies. A small group of sites yielded
a linear trajectory estimate of the C component of magnetization direction
in less than three independently oriented samples, owing to an especially
predommant overprint or owing to spurious magnetizations acqulred dur-
ing the final high-temperature demagnetization steps. This level of site
reliability we term type II; we included data of this type in our polanty
compilation but did not use these sites in the pole calculation. Sites from
which we could not even establish the polarity of the high-unblocking
temperature component in any specimens were relegated to type III and
were rejected from both magnetostratigraphic and paleopole analyses.
" Asnoted above, the 27 upper Passaic Formation'sites yielded 23 type
I results. Of the four sites excluded from the pole calculation, three (TGF,
TJE, and TJL) were type Il sites and only oné (TJK) was a type III result.
In the middle Carnian/early Norian study (Witte and Kent, 1989), 24 sites
were sampled and 19 can be categorized as type I results. One site (WCA)
can be designated as type II and is here included in the magnetostrati-
graphic synthesis, but four sites (TTA, TTK, TDD, and TDG) yielded no
useful pole or polarity pnformatlon and thus are assigned to type IIL. In the
Hettangian study (Witte and Kent, 1989), 11 of the 13 sedimentary sites
sampled can be categorized as type I results. The two sites rejected from
the pole calculation (TWA, TFF) did demonstrate normal polarity C
components and are included here in the magnetostratigraphic synthesis as
type II data. Results from the four ACE boreholes are not used for pole
calculation in this paper but are included for magnetostratigraphic control.
The Newark basin red beds we have analyzed with complete stepw1se
progressive thermal demagnetlzatlon have yielded a hlgh ‘proportion of
useful sites. Of the 64 sedimentary sites sampled in these 3 studies, 83%
yielded reliable data for paleopole determination (53 type I), and 92%
yielded what we Judge to be reliable magnetostratlgraphxc information (53

type I plus 6 type II).
Site VGP Relative Latitudes

We have used the mean (north) paleomagnetic pole position derived
from the 53 type I site VGP’s (5§5°N, 97°E, Ags = 3°), which is very similar
to the middle Carnian/early Norian, middle to late Norian, and Hettan-
gian interval pole positions, as a convenient reference for calculating the
relative latitude of the VGP for each individual site. The resulting sit¢ VGP
relative latitudes are a direct indication of data quality in defining polarity;
+90° is the result expected fron_l a normal polarity site, —90° is expected
from reverse polarity sites. )

From the stratigraphic distribution of the type I and II site VGP
relative latitudes in the various sections, we have inferred the position of
each magnetozone boundary as the midpoint between stratigraphically
adjacent sites (or samples in the case of site TGJ) with opposite polarities.
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The details of how the seven stratigraphic transects (Pennsylvania Turn-
pike, Delaware River, Perkiomen Creek, Raritan River, Jacksonwald,
I-280, and the Northern New Jersey extrusive zone) were sampled and
their lithostratigraphies have been correlated are described in Figure 6.

CORRELATION AND DEVELOPMENT OF
COMPOSITE TIME SCALE

Stratigraphic Framework

Many of the distinctive Newark basin lithologic units referred to
above and in Figure 6, such as the Graters, Perkasie, Metlars Brook, and
Ukrainian Village members, have been shown by Olsen (1986) to repre-
sent basinwide water-depth variations of the Newark basin lacustrine sys-
tem and can be interpreted as isochronous horizons. Ideally, magnetozones
are also isochronous, representing the polarity of the geomagnetic field
close to the time of deposition, and are potential means of independent
temporal correlation within the Newark basin. If both temporal frame-
works are valid, then the magnetozone boundaries should occur in a
consistent relationship with the lithostratigraphic members throughout the
basin.

On the scale of the sampling available, excellent along-strike conti-
nuity of magnetozones is observed between traverses that sample the same
part of the section. On a relatively gross scale, the polarity of all sites in the
Stockton, Lockatong, and lowermost Passaic Formations is reversed and is
followed by a normal-reversed-normal sequence in the lower strata of the
Passaic Formation in traverses along the Delaware River, Pennsylvania
Turnpike, and Perkiomen Creek (Fig. 6a) over an along-strike distance of
~40 km. Additional normal and reversed polarity magnetozones are iden-
tified in the middle Passaic Formation (Fig. 6b). The stratigraphically
highest reversed polarity magnetizations encountered in the Newark basin
were obtained at sites that are 400 and 620 m (TGI and TJF, respectively)
below the base of the extrusive zone, levels that are compatible with
Mclntosh and others® (1985) observation of reversed polarity 217 m
below the base of the extrusive zone (their site 26). The extrusive zone
sedimentary strata and basalt flows of northern New Jersey, as well as
strata of the overlying Boonton Formation, are without exception of nor-
mal polarity, consistent with the observations of McIntosh and others
(1985) (Fig. 6¢).

In addition to these broad-scale observations, the Graters, Perkasie,
Metlars Brook, and Ukrainian Village members provide more precise tests
of the consistency of the lithostratigraphic and magnetostratigraphic corre-
lations. The base of the Graters member is apparently of reversed polarity
as demonstrated by the polarity of sites near the Graters member [TPC
(reversed) ~170 m below the base of the Graters, TTC (reversed) ~40 m
below the base of the Graters, and TDB (reversed) ~ 170 m above the base
of the Graters]. The polarity of site TDC (normal) ~60 m below the base
of the Graters does not necessarily contradict the conclusion that the base
of the Graters is in a reversed polarity zone, although because of the
midpoint criterion for delineating the magnetozone boundary between
sites TDB and TDC, the Delaware River section by itself would indicate a
normal polarity magnetozone extending up to the level of the base of the
Graters member.

The base of the Perkasie member is closely associated with a normal
to reversed magnetozone boundary, as is indicated by the normal polarity
sites TGD and TGE ~100 and ~25 m, respectively, below the base of the
member, and TGF (reversed) which sampled within 30 m above the base
of the Perkasie member in the Raritan transect (Fig. 6b). This result does
not contradict the observed polarity of site TPD (normal, ~10 m below
the base of the Perkasie) from the Perkiomen transect (Fig. 6a) and at site
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a

Pennsylvania
Turnpike

Delaware River

Perkiomen Creek

Figure 6. Stratigraphic sections sampled in the Newark basin,
Columns at left of each section show stratigraphic units; in ascending
stratigraphic order, the formations are Es, Stockton Formation; El,
Lockatong Formation; R Jp, Passaic Formation; Jo, Orange Mt. Ba-
salt; Jf, Feltville Formation; Jp, Preakness Basalt; Jt, Towaco Forma-
tion; Jh, Hook Mt. Basalt; Jb, Boonton Formation. Lithologic marker
beds used for correlation and time-scale calibration (Olsen and others,
1989): PI, base of the Prahls Island member; G, base of the Graters
member; I, base of member I; P, base of the Perkasie member; MB,
base of the Metlars Brook member; 2P, the base of the Second Pre-
cinct member (occurs ~50 m below the base of the Ukrainian Village
member); U, base of the Ukrainian Village member. (Note: not all
members are identified in all sections owing to the nature of the
outcrop.) In the right column of each section, the interpreted magnetic
polarity is indicated by black for normal polarity and white for re-
versed polarity, with the queried zones indicating where samples were
taken but polarity was not established.

(a) Magnetostratigraphy of the Pennsylvania Turnpike (TT
sites), Delaware River (TD sites), and Perkiomen Creek (TP sites)
sections (Witte and Kent, 1989).
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MAGNETOSTRATIGRAPHY AND PALEOMAGNETIC POLES, NEWARK BASIN

TTB (normal, ~ 10 m below the base of the Perkasie) from the Pennsylva-
nia Turnpike transect (Fig. 6a). Site TGF was designated a type II site
owing to spurious directions attributable to chemical alteration at very
high demagnetization temperatures. In spite of these difficulties, the polar-
ity of samples from TGF (reversed) was unambiguous. The polarities of
these sites (TGD, TGE, TGF) are apparently consistent with the results of
MclIntosh and others (1985) from the same outcrop (their locality 17).
Their interpretation of the gray beds at this locality as “G/H?” (using
McLaughlin’s designation, which is recognized as equivalent to the base
of the Graters member using the nomenclature of Olsen and others, 1989),
however, should be revised, on the basis of the lithologic character of the
gray beds, to the base of the Perkasie member.

The Metlars Brook member is dominated by normal polarity as
indicated by site TGA (normal, ~30 m below the base of the Metlars
Brook member) and TGC (normal, ~200 m above the base of the Metlars
Brook member) from the Raritan traverse (Fig. 6b), as well as sites TIP
(normal) and TJQ (normal), ~50 and ~120 m, respectively, above the
base of the Metlars Brook member in the Jacksonwald region (Fig. 6b).

The closest lithostratigraphic control on any magnetozone boundary
presently comes from site TGJ, where samples over a 24-m section docu-
ment a reversed to normal magnetozone boundary within 3 m below the
lowest gray beds of the Ukrainian Village member at the type section in
the Raritan River transect (Fig. 6b). This close association of the base of
the type section Ukrainian Village member with a reversed to normal
magnetozone boundary is consistent with the polarity of sites TJD
(reversed) and TJC (normal) which bracket, within 10 m, the base of the
Ukrainian Village member in the Jacksonwald syncline (Fig. 6b), some 90
km from the Raritan River section.

In summary, we find consistency in the stratigraphic relationships
between polarity magnetozone boundaries and key lithostratigraphic units
throughout the Newark basin. This finding supports our earlier conclusion,
based on the positive fold test, that the C component magnetization was
acquired early in the history of these red beds.

Temporal Framework

The internal consistency between the lithostratigraphic and magne-
tostratigraphic units of the Newark basin provides a necessary basis to
bring these time horizons into a calibrated temporal framework using
biostratigraphic, radiometric, and cyclostratigraphic methods. Owing to
the lack of marine fossils in the Newark Supergroup, palynology presently
provides the most usefal biostratigraphic control for the supergroup.

Throughout the Newark basin, the Triassic/Jurassic boundary is
placed just below the extrusive zone, within the uppermost 30 m of the
Passaic Formation. The boundary is placed between the Manassas—upper
Passaic and the Corollina-meyeriana palynofloral zones (Cornet, 1977)
and is supported by the vertebrate fossil evidence (Cornet and Olsen,
1985). The igneous rocks of the Newark basin yield radiometric ages
consistent with these biostratigraphic constraints. Although the igneous
intrusions and extrusions were previously thought to have been emplaced
during separate igneous episodes spanning at least 20 m.y., recent geologic,
geochemical, and geophysical studies have indicated that the Palisades sill
actually fed some of the basalt flows of the Newark basin extrusive zone
(Ratcliffe, 1988; Kodama, 1983), which is biostratigraphically dated as
lowest Hettangian (Cornet and Olsen, 1985). On the basis of 40Ar/3%Ar
dates from recrystallized xenoliths of the Mesozoic country rock included
in the Palisades intrusion, Sutter (1988) has concluded that the best esti-
mate for the age of the intrusion and the coeval basalts is 202 Ma. Like-
wise, U/Pb zircon and baddeleyite ages from the Palisades sill yield an age
of about 201 + 1 Ma (Dunning and Hodych, 1990). These radiometric
ages for the Newark igneous event are compatible, within their uncertain-
ties, with the numerical age of the Triassic/Jurassic boundary in recent
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geologic time scales (for example, 200 + 5 Ma in Webb, 1981; 213 + 14
Ma in Harland and others, 1982; 208 + 18 Ma in Palmer, 1983; and 208 +
8 Ma in Harland and others, 1990).

The oldest palynoflora recognized in the Newark basin, the New
Oxford-Lockatong, is found in the Lockatong Formation and is of late
Carnian age (Cornet and Olsen, 1985), although the underlying Stockton
Formation most probably extends into the middle Carnian (Olsen, 1986;
Schlische and Olsen, 1990), or nominally to at least 225 Ma (Webb,
1981). Thus the duration of Newark sedimentation in the Triassic is about
25 m.y. If a generalized stratigraphic thickness of the Triassic sediments in
the basin of about 6,000 m is used, then this implies that the average net
sediment accumulation rate was on the order of 240 m/m.y.

A more precise temporal framework for the magnetostratigraphic
section is available in the Newark section. The basinwide variations in lake
level recorded in the lithostratigraphy are thought to be driven by Milan-
kovitch climate cycles with periods of nominally 20, 100, and 400 ka (Van
Houten, 1962, 1964). The lithologic fabrics associated with these cycles
have been described throughout a large portion of the Newark sedimen-
tary section (Olsen, 1986), and a high-resolution sedimentation rate model
for the basin (Schlische and Olsen, 1990) allows the sedimentary section
to be put into calibrated temporal framework.

To calibrate the magnetostratigraphy in terms of the cyclostrati-
graphic framework, the stratigraphic positions of the magnetozone
boundaries have been linearly adjusted relative to major lithostratigraphic
markers (the bases of the Lockatong Formation, Prahls Island member,
Passaic Formation, Graters member, member 1, Perkasie member, Metlars
Brook member, Second Precinct member, Ukrainian Village member, and
the extrusive zone) as these lithostratigraphic units have been fit to the
cyclostratigraphic framework (Olsen, 1986). With the base of the extru-
sive zone assigned the age of 201 Ma based on the recent Newark radio-
metric ages (Dunning and Hodych, 1990), the result is a time-calibrated
composite magnetostratigraphic polarity section for the Newark basin
(Fig. 7).

For the purposes of discussion, the polarity zones identified on the
Newark composite polarity section have been assigned lower-case letters
from the bottom of the section to the top, with plus or minus superscripts
to indicate the predominant polarity (normal or reversed) of each interval.
If shorter polarity zones are discovered within these zones, the new zones
can be given numerical suffixes that indicate their positions within the
larger zones. For example, the Newark k™ zone can be subdivided, from
bottom to top, into the Newark k17, k2* k3™ subzones if a normal
polarity magnetozone is eventually found within this zone. The advantage
of this system, similar to the nomenclature of Alvarez and others (1977), is
that the larger zones can be subdivided as new intermediate magnetozones
are uncovered without reorganizing the higher-order structure of the
nomenclature.

All of the polarity zones identified in the composite section are de-
fined by more than one site in more than one section, except for the
Newark f* polarity zone, which is defined by a single site (TJM) from the
Jacksonwald section (Figs. 6b and 7). This site is located several hundred
meters above the Perkasie member in the Jacksonwald section and is thus
unlikely to correspond to the Newark d* zone. It is more likely that the
Newark f* zone lies within the unsampled interval of the Raritan section
between TGas and TGF.

Sampling and Reversal Statistics

Temporal calibration of the magnetozones within the cyclostrati-
graphic framework allows the reversal rate to be examined on the basis of
time. The 25 m.y. of composite section of the Triassic that we sampled
includes 12 polarity intervals (Fig. 7) and thus yields a nominal mean
polarity duration of ~2 m.y. The sampling density in time is nonuniform,
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however, being largely determined by the availability of outcrop with
significant lithologic character to allow positive correlation between sec-
tions. The Newark basin site temporal spacings exhibit a skewed distribu-
tion with many small spacings and a few very large spacings (Fig. 8); it is
likely that this sampling pattern missed some polarity intervals, giving an
overestimate of the mean geomagnetic polarity duration (Johnson and
McGee, 1983). For example, if only one new polarity subzone was discov-
ered in each of the three large (>2 m.y.) sampling gaps (within the Newark
a~ zone, spanning the Newark e~ and f * zones, and within the Newark k-
zone), then the number of polarity intervals would increase from 12 to 18
and the mean polarity duration would decrease from 2.1 to 1.4 m.y. Thus,
it is best to consider 2 m.y. an upper bound on the mean polarity interval
duration.

DISCUSSION

The present results from the upper Passaic Formation combined with
our previous work (Witte and Kent, 1989, 1990) provide paleomagnetic
data from virtually the entire middle Carnian to Hettangian span of
Newark basin sedimentation, with gaps estimated to be no longer than
about 2 m.y. The relative ages between the lower, middle, and upper
Newark poles are well established on the basis of stratigraphic superposi-
tion and continuity. Moreover, the geologic age of the Newark strata is
well known biostratigraphically and is supported by “*Ar/3%Ar and
U/Pb radiometric dates. The positive fold test from the upper Passaic
Formation and the correlative magnetostratigraphy over the large geo-
graphic extent of the basin argue strongly for stability of the characteristic
magnetization of the red beds since very nearly the time of deposition.
Although the possibility of tectonic rotations within the Newark basin has
been suggested (Van Fossen and others, 1986), the evidence for this is
equivocal (Kodama, 1987; Van Fossen and others, 1987). The coherence
of the paleomagnetic directions from sites in the folds associated with the
border fault (for example, the Jacksonwald region) and sites from the
homoclinal strata of the central basin (for example, the Raritan River
region), however, argues against any significant systematic tectonic rota-
tions within the basin in the vicinity of our sampling.

Paleopoles

Our new middle Newark pole confirms the notion of very slow APW
during the Late Triassic to earliest Jurassic, suggested by Witte and Kent
(1990) on the basis of the upper and lower Newark poles. Although all
three Newark poles fall along the Triassic APW track of Gordon and
others (1984), they are not significantly different. The lower and upper
Newark poles differ only by 4° + 7°, implying APW at a rate of
~0.2°/m.y., a virtual stillstand in North American APW for 25 m.y. of the
Late Triassic to earliest Jurassic (Fig. 4). Thus the age range of the Newark
basin strata apparently does not include the magnetization age giving rise
to the 60°N, 60°E cusp in APW postulated by Gordon and others (1984).

The stilistand was apparently followed by more rapid APW in the
Early Jurassic. The Sinemurian Moenave pole (60°N, 62°E, after correc-
tion for clockwise Colorado Plateau rotation of 5° about a pivot at 37°N,
103°W; Bryan and Gordon, 1990) apparently confirms the 60°N, 60°E
cusp in North American APW. The Sinemurian Moenave pole is 18°
different from the upper Newark (Hettangian) pole and would demand
APW rates of about 3.6°/m.y. (assuming ~5 m.y. from the middle of the
Hettangian to the middle of the Sinemurian using the Palmer, 1983, time
scale), an order of magnitude more rapid than in the Late Triassic. Recent
evidence of a high-latitude paleopole position for North America in the
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Middle Jurassic (Van Fossen and Kent, 1990) may indicate that rapid
APW extended into later parts of the Jurassic as well.

The Chinle Formation of the southwestern United States is biostrati-
graphically dated as Late Triassic (Pipiringos and O’Sullivan, 1978; Olsen
and Sues, 1986; Lucas and Hunt, 1989) and should thus be coeval, at least
in part, with the Newark basin section. Whereas the Newark paleomag-
netic poles indicate a virtual stillstand in North American APW, however,
poles from the Chinle Formation (Reeve and Helsley, 1972; Reeve, 1975;
Bazard and Butler, 1989, 1990; Molina-Garza and others, 1990) are
widely distributed along Gordon and others’ (1984) Triassic North Ameri-
can APW track, from the vicinity of the upper Newark pole to the 60°N,
60°E cusp of Gordon and others (1984) even after correction for Colorado
Plateau rotation (Fig. 4). One interpretation of this distribution of Chinle
poles is that it represents rapid APW during Chinle deposition; this would
imply that the relatively more clustered Newark characteristic magnetiza-
tions were acquired nearly simultaneously during a single remagnetization
event. Given the Hettangian age of the upper Newark pole strata, this
scenario would lead us to expect the Newark poles to plot on a younger
part of the APW path than would poles from the Chinle Formation. This
is not observed. Instead, the positive fold test in the middle Newark study
and the well-constrained age and correlative magnetostratigraphy of the
Newark in general lead us to accept the Newark results as reliable Late
Triassic and earliest Jurassic poles for North America.

The east-west streaking among the Chinle poles and their overall
displacement toward poles from the younger Glen Canyon Group suggest
an alternative and more likely explanation for the disparity. The age of the
magnetization isolated in the Chinle red beds is not constrained by fold
tests or a geographically extensive magnetostratigraphy (Reeve and Hels-
ley, 1972; Reeve, 1975). Thus the reported Chinle directions might repre-
sent remagnetizations, and the streaked distribution of the Chinle poles
might have been acquired during post-Hettangian (that is, post-Newark)
APW at somewhat different times in different geographic regions. This
spatiotemporal variability in Chinle remagnetizations could have been
controlled by local variation in the uplift, weathering, and erosion which
was responsible for the major JO unconformity that separates the Chinle
from the overlying Glen Canyon Group (Pipiringos and O’Sullivan,
1978). In any event, until the reliability of the Chinle magnetizations is
demonstrated by definitive field tests, we regard the Newark poles as
yielding the more representative estimates of the Late Triassic and earliest
Jurassic North American pole positions.

30

0.5 1.0 15 2.0 2.5 3.0
Site Spacing (m.y.)

Figure 8. Distribution of Newark type 1 and II temporal site
spacings in Stockton, Lockatong, Passaic, and extrusive zone sedi-
ments estimated after cyclostratigraphic time calibration.
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MAGNETOSTRATIGRAPHY AND PALEOMAGNETIC POLES, NEWARK BASIN

Correlation of Magnetostratigraphy to Other Sections

The initial paleomagnetic study of the enitire Newark basin section by
Mclntosh and others (1985) provided iniportant indications that a corre-
latable magnetostratigraphy could be obtained with suitable experimental
procedures, We found that complete progressive thermal demagnetization
on all samples was necessary to isolate consistently the characteristic
component of magnetization, and this enabled us to assemble a coherent
and refined magnetic polarity stratigraphy for the Newark basin sequence.
Short, intrasite polarity zones were not found at any of our sites (with the
obvious exception of site TGJ, which captured a reverse to normal polar-
ity change near the base of the Ukrainian Village member). We thus
suspect that the many apparent short, discontinuous magnetozones ob-
served by Mclntosh and others (1985) were due to variable amounts of
unremoved overprint contamination and regard the Newark magnetostra-
tigraphy presented in this paper (Fig. 7) as more definitive.

Elsewhere in the Newark Supergroup, paleomagnetic results
from the Wolfville and Blomidon Formations suggest that a bipolar
hematitic characteristic magnetization is present in the red beds of the
Fundy Group, as well as formidable overprints with unblocking
temperatures to perhaps 620 °C (Symons and others, 1989). Cornet and
Olsen (1985) have assigned the Fundy Group of Nova Scotia an Anisian
to Hettangian age and have placed the contact between the Wolfville and
Blomidon Formations in the late Carnian. The oldest rocks in the Fundy
basin (Anisian) are older than the oldest known Newark basin strata; thus
the Fundy section could potentially add 5-10 m.y. of polarity history to
the base of the Newark polarity record.

Unfortunately, stratigraphic correlation within the Fundy basin and
especially the Minas sub-basin is likely to be rather complicated owing to
missing and repeated portions of the section associated with numerous
normal-slip and oblique-slip faults (Olsen and others, 1989; Olsen and
Schlische, 1990). This, combined with the few details concerning the
stratigraphic positions of sampling sites available in Symons and others
(1989), limits attempts to correlate the magnetostratigraphy of the Fundy
basin to the Newark basin. The “initial apparent magnetostratigraphy for
the lower Fundy Group” (Symons and others, 1989) shows a long normal
interval at the base of the Wolfville Formation that is probably below the
Newark a~ zone and older than the oldest Newark basin rocks; the overly-
ing reversed zone within the Wolfville Formation might correlate in part
with the Newark a~ zone. The long reversed zone and the long normal
zone within the Blomidon Formation, however, have no counterparts in
the Newark section where the apparently correlative Passaic Formation
has several normal polarity intervals followed by the Newark k- reversed
interval. Nevertheless, the Triassic/ Jurassic boundary in the Fundy basin
(placed in the upper Blomidon Formation; Cornet and Olsen, 1985) is
apparently within an interval of normal polarity, which also includes the
Fundy basin extrusive zone, similar to the Newark basin section.

Within North America, another potential source of Late Triassic
geomagnetic polarity history is the Chinle Formation of the southwestern
United States. Although the temporal extents of the Chinle and Newark
sedimentary rocks apparently overlap (Lucas and Hunt, 1989; Olsen and
Sues, 1986), the lack of agreement between the Chinle and the Newark
paleomagnetic poles suggests that at least the magnetizations of the Chinle
and Newark are not coeval; hence, there is no reason to believe that the
sections should share the same magnetostratigraphy. In any case, the rela-
tively small thickness and presumably low net sediment accumulation rates
of the existing Chinle magnetostratigraphic sections (for example, the
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145-m section thickness in Reeve and Helsley, 1972; Fig. 7) would imply
relatively low temporal resolution in the Chinle, especially in comparison
to the kilometers-thick Newark basin section.

Perhaps the most ambitious (and, because discussion of sampling,
stratigraphic controls, and experimental procedures is scant, most difficult
to evaluate) published polarity time scale that includes results from the
Triassic is Khramov’s (1987) Mesozoic polarity time scale. This compila-
tion of results, primarily from the USSR, indicates a predominantly nor-
mal polarity interval in the Middle Triassic (Ladinian and Anisian), similar
to that observed by Symons and others (1989) in the lower Wolfville
Formation (Fig. 9). This is followed by a predominantly reversed polarity
interval that is roughly correlative to the reversed polarity interval in the
Wolfville Formation and perhaps the Newark a~ zone. Above this, during
the middie Carnian and Norian, the polarity sequences are a poor match,
although there is general agreement in the Newark, Fundy, and USSR
sections, for a normal polarity interval encompassing the Triassic/Jurassic
boundary, which is probably the best identified time horizon to span the
three sections. It is also interesting that the USSR polarity time scale shows
reversed polarity in the Sinemurian, which if correct would imply that the
youngest strata thus far sampled in the Newark (Boonton Formation) do
not extend into the Sinemurian.

In conclusion, the high degree of temporal continuity and the high
sedimentation rates in the Newark basin strata, along with the excellent
preservation of an early acquired magnetization that faithfully records the
geomagnetic field direction and polarity, lead us to suggest that the
Newark section has the demonstrated potential for use as a Late Triassic/
earliest Jurassic magnetostratigraphic reference sequence. Further refine-
ment of the polarity intervals is presently limited by the availability of
outcrop and the uncertainties of correlation between the sections. More
complete cyclostratigraphic and magnetic polarity descriptions, however,
should be forthcoming from borehole studies of the section (Olsen and
Kent, 1990).
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