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Abstract

The Central Atlantic Magmatic Province (CAMP), one of the largest known flood basalt provinces formed in the

Phanerozoic, is associated with the pre-rift stage of the Atlantic Ocean at the Triassic–Jurassic boundary ca. 200 Ma.

Paleomagnetic sampling targeted packages of CAMP lava flows in Morocco’s High Atlas divided into four basic units (the

lower, intermediate, upper, and recurrent units) from sections identified on the basis of field observations and geochemistry.

Oriented cores were demagnetized using both alternating field (AF) and thermal techniques. Paleomagnetic results reveal

wholly normal polarity interrupted by at least one brief reversed chron located in the intermediate unit, and reveal distinct pulses

of volcanic activity identified by discrete changes in declination and inclination. These variations in magnetic direction are

interpreted as a record of secular variation, and they may provide an additional correlative tool for identification of spatially

separated CAMP lava flows within Morocco. 40Ar/39Ar analyses of Moroccan CAMP lavas yield plateau ages indistinguishable

within 2r error limits, sharing a weighted mean age of 199.9F0.5 Ma (2r), reinforcing the short-lived nature of these eruptions

despite the presence of sedimentary horizons between them. Correlation of our sections with the E23n, E23r, E24 sequence

reported in the Newark basin terrestrial section and St. Audrie’s Bay marine section is suggested. Brief volcanism in sudden

pulses is a potential mechanism for volcanic-induced climatic changes and biotic disruption at the Triassic–Jurassic boundary.

Combination of our directional group (DG) poles yields an African paleomagnetic pole at 200 Ma of k(8N)=73.08,
/(8E)=241.38 (Dp=5.08, Dm=18.58).
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1. Introduction

The Central Atlantic Magmatic Province or

dCAMPT [1] is primarily represented by dikes and

sills in northeastern South America, northwestern

Africa, southwestern Europe, and eastern North

America (Fig. 1a) with an aerial extent of ~1�107
km2. Some of the most important lava flow outcrops,

with total thicknesses of 100 to 300 m, are found in

the Late Triassic to Early Jurassic basins located

around northeastern North America and northeastern

Africa (central Pangea). Estimates of the preerosional

volume of CAMP lavas exceed 2.5�106 km3 [4],
Fig. 1. (a) Preserved extent of the Central Atlantic Magmatic Province ac

extent affected. Mapping of intrusive activity is preliminary and some porti

only. Inset shows an Early Jurassic continental reconstruction after [3], bef

Morocco, with rift zones, basin structures, and CAMP-related magmatis

generalized High Atlas geology.
easily comparable with large igneous provinces such

as the Siberian Traps or Deccan Traps. Published
40Ar/39Ar plateau ages (see online appendix) center on

a main eruption at ~200 Ma, and cyclostratigraphic

studies in the North American Newark Supergroup

indicate a brief eruptive duration (~600 kyr) for the

main volcanic period [5]. Published paleomagnetic

data from throughout CAMP are consistent with a

brief magmatic event, as shown by the normal polarity

of the vast majority of intrusive and extrusive CAMP

rocks.

CAMP lavas in Morocco are found at the top of

the Triassic sequence filling large Triassic–Jurassic
ross four continents. Heavy dashed line shows the probable original

ons such as EW dikes of Senegal [2] are inferred from remote survey

ore initiation of mid-Atlantic rifting. (b) Triassic–Jurassic geology of

m. (c) Sampling locations discussed in this paper, as well as the
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synrift basins (Fig. 1b) formed during lithospheric

extension prior to the opening of the central Atlantic

(e.g., [6,7]). CAMP lava flows are compositionally

classified as low-Ti tholeiitic basalts and basaltic

andesites [8,9], with formations displaying a time-

dependent compositional trend towards incompatible

element depleted compositions [9,10]. CAMP lava

stratigraphy and correlation in Morocco [8] is based

on field observations including the presence of

sediments between flows and distinctive changes in

flow texture, as well as published geochemical data

[9,10]. From the base to the top, CAMP lava flows

are divided into four primary units called the lower,

intermediate, upper, and recurrent units [8], decreas-

ing in total volume from the base to the top. The

sedimentary layers occasionally found within or in

between the lower, intermediate and upper units

never exceed ~2 m thickness. The recurrent unit,

where present, is made up of a massive, single flow

separated from the upper unit flows by intraflow

sediments up to 50 m in thickness.

The relation between the CAMP magmatic event

and extinctions at the Triassic–Jurassic boundary has

come increasingly into focus (e.g., [11–15]).

Although recent review of the Triassic–Jurassic

boundary questions the reliability of palynomorphs

in defining the boundary (e.g., [16]), it has been

proposed that volcanism commenced in the Newark

Basin following the last appearance of typical Triassic

pollens (e.g., Patinasporites densus) [17,18]. Recent

studies suggest synchrony between the occurrence of

CAMP volcanism and the major extinction event at

the Triassic–Jurassic boundary [10,12].

This paper presents new paleomagnetic data and
40Ar/39Ar ages from lava flows of the High Atlas

Moroccan Triassic–Jurassic basins where CAMP

volcanism is well represented, interstratified with

synrift continental sediments and preserved from

erosion. Six sections in the High Atlas mountains

between the cities of Marrakech and Ouarzazate

(Fig. 1b), referred to as the Tiourjdal, Ait Ourir,

Jebel Imizar, Oued Lahr, Oued Ammasine and

Agouim (Fig. 1c) were chosen to represent the most

complete and continuous records of Moroccan

CAMP volcanism available with visible flow con-

tacts and minimal alteration. Sections are described

in further detail sections online (see online appendix)

and abbreviated paleomagnetic results from the
Tiourjdal section have been described previously

[10]. The paleomagnetic and 40Ar/39Ar data clarify

the timing and eruptive style of the CAMP volcanism

in Morocco, and are relevant to data from terrestrial

lavas of similar age located in the northeastern United

States basins [14], and with data from marine

Triassic–Jurassic sections [19].
2. Analytical procedures

Depending on flow thickness, between 2 and 10

cores were drilled in each identified flow. Flow

attitude was measured wherever possible to provide

a basis for tilt correction. Flows varied from near

horizontal (~108 dip) to having significant dip (~408
dip), making such measurements vital. A total of 425

cores yielding 560 analyzed specimens were included

in this study. Core azimuths were measured by

magnetic and solar compasses. The difference

between these two measurements was used to

calculate local declination (�18 to �88, averaging

�48, in agreement with the calculated International

Geomagnetic Reference Field declination) for recov-

ered cores. Recovered cores were cut into lengths of

2–2.5 cm and were stored in a magnetically shielded

room with an ambient field of less than ~200 nT for

the remainder of the study.

Low-coercivity overprints were removed from all

specimens by an applied field from 0 to 8 mT. At

sections other than Tiourjdal, thermal demagnet-

ization was performed on specimens from every

core, and, where possible (~30% of all cores),

alternating field (AF) demagnetization was also

applied to a specimen from the same core. Thermal

(247 specimens) and AF (148 specimens) demagnet-

ization techniques were applied in 12 to 20 steps

over peak fields of 10–130 mT or peak temperatures

of 150 to 600 8C. Bulk susceptibility was measured

after every, or every other heating step, to monitor

mineral transformations during demagnetization. At

Tiourjdal, hybrid demagnetization (using AF demag-

netization up to 8 mT peak fields followed by

heating to 150 8C for 1 h, and then continued

progressive AF demagnetization steps) was applied

to all 162 specimens to remove a possible compo-

nent carried by high-coercivity minerals such as

goethite. AF demagnetizations were performed using
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a two-axis static demagnetizer online with a cryo-

genic magnetometer. Thermal demagnetization used

a noninductively wound electrical resistance furnace.

All measurements were made in the Berkeley Geo-

chronology Center (BGC) paleomagnetic laboratory.

Representative petrographic descriptions are avail-

able online.

A total of 11 flows from five sections (Fig. 1c) were

selected for 40Ar/39Ar geochronology. In order to date

the same samples as those used for paleomagnetic

analysis, we selected and crushed between three and

five core samples sampled from the same flow that

were either analyzed previously by AF demagnet-

ization only, or were unanalyzed core remnants. After

crushing, samples were sieved into two size fractions

(125–180 and 180–260 Am) and washed ultrasonically

in distilled water. Matrix, olivine, and pyroxene

phenocrysts and plagioclase with inclusions were

removed with a Frantz Isodynamic Separator, and

~20–30 mg of transparent plagioclase from each

sample was handpicked under a binocular microscope.

Samples were loaded into aluminum disks and irradi-

ated for 5 h in the CLICIT facility of the TRIGA reactor

at Oregon State University. Two separate irradiations

were performed, each using two disks, referred to as

dGT and dHT from the first irradiation, and dAT and dBT
from the second irradiation (Background Data Set).

After irradiation, ~10-mg samples of plagioclase were

degassed in 8–24 steps using a defocused CO2 laser

(Synrad) and integrator lens, and were analyzed with a

MAP 215C mass spectrometer at the BGC.

Neutron fluence ( J) was monitored by coirradia-

tion of the Fish Canyon sanidine standard placed in

six positions around each aluminum sample irradi-

ation disk. The J value was determined from

individual analysis of 6 to 10 single grains of Fish

Canyon sanidine from each disk position fused with

a CO2 laser. The corresponding J values (see online

appendix) calculated using the age of 28.02 Ma [20]

and the total decay constants of [21], varied V0.4%
Notes to Table 1:

Mean flow directions were calculated using PaleoMac [23]. Direction gro

comparison with the Tiourjdal section. n: total number of analyses in the fl

in the flow; Dgeo, Igeo: declination and inclination in geographic coordin

correction; k: precision parameter; g95: 95% confidence limit on the mea

longitude; polarity: N=normal, R=reversed; DG: directional group associati

the Tiourjdal section; entries in gray type are not considered to yield relia
across each of the four disks. Procedural backgrounds

were measured every three degassing steps. Average

blanks and signals for unknowns are given in the

online appendix. Mass discrimination was monitored

by automated analysis of over 150 air pipettes.

Nucleogenic production ratios used to correct for

reactor produced Ar isotopes from K and Ca were as

in [22]. Plateau ages are defined as comprising three

or more contiguous steps corresponding to a least

70% of the total 39Ar released and showing no

significant slope, with the individual step ages

agreeing within 2r errors with the weighted mean

age of the plateau segment. Full analytical data

corrected for backgrounds, mass discrimination, and

radioactive decay are available online.
3. Paleomagnetic results

A total of ~560 specimens were measured,

representing 68 lava flows or sediment horizons

from six sections, of which 510 yielded stable

directions (Table 1). The natural remanent magnet-

ization (NRM) intensity ranged from 0.001 to 0.1

A/m. Typical demagnetization behavior for each

unit, tilt-corrected, are plotted in stereographic

projection (Fig. 2), along with relative magnetic

intensity diagrams for thermal and AF demagnet-

ization. Normal directions are also plotted as

orthogonal vector endpoint (Zijderveld) diagrams

[24], and are defined by least-squares line fits [25].

Reversed directions were defined using great circle

fits [26]. Examples of thermal and AF demagnet-

ization pairs on specimens from the same core are

shown for each lava unit and yielded consistent

directions throughout the study. Data were rejected

for suspect directions (intraflow deviations N208) if

field or laboratory notes noted potential problems

such as loose blocks, misorientation, or analytical

difficulties. Mean flow directions were calculated
ups for sections other than Tiourjdal are suggestions, determined by

ow used to calculate the mean direction; N: total number of analysis

ates; Dstr, Istr: declination and inclination with applied bedding-tilt

n direction; VGPlat, VGPlong: virtual geomagnetic pole latitude and

ons, entries in italics are hypothetical and inferred from correlation to

ble directions, see text for further detail.
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using Fisher statistics [27]. Tilt corrections were

applied, as measured on bedding structures in the

field, to each flow.

Lower-unit specimens (218 specimens from 184

cores sampling 34 flows) display multivectorial

demagnetization behavior, and both thermal and AF

treatments yield similar results (Fig. 2a). The low-

coercivity (NRM to ~8 mT) and low-temperature

(b350 8C) components are scattered about the

present field direction and interpreted as viscous

remanent magnetizations (VRM). The 150 8C step is

not associated with any significant decrease in

relative intensity, indicating only minor contributions

from minerals of the goethite family. For peak

applied fields of 40–130 mT or temperatures of

400–570 8C (Fig. 2a), the remanent direction decays

linearly to the origin. The high-temperature/high-

coercivity component within the lower unit varies

from a NNW to NNE direction with downward

inclination. Unblocking temperatures, medium- to

high-coercivity components, and petrographic inves-

tigation showing the ubiquity of large, as well as

small magnetite grains (b1 to 5 Am; Background

Data Set), agrees well with the main carrier of

remanent magnetization being a mixture of large

multidomain titanomagnetite and single and/or pseudo

single-domain magnetite.

As in the lower unit, intermediate unit specimens

(162 specimens from 122 cores sampling 19 flows and

1 sediment horizon) display two directional compo-

nents, with directions obtained from thermal and AF

demagnetization in good agreement (Fig. 2b). After

removal of a low-temperature and/or low-coercivity

(VRM) component, the direction decays linearly to the

origin until ~130 mT or ~560 8C, showing NW to N

declination with downward inclination. Unblocking

temperatures ranging from 350 to 580 8C and high

coercivity (~40–100 mT) argue in favor of a main

carrier of remanent magnetization being both large

multidomain oxidized–exsolved titanomagnetite, as

well as small pseudo single- or single-domain magnet-

ite grains. Some specimens from the Ait Ourir section

demonstrate a maghemite–hematite component, dis-

playing an increased susceptibility upon heating

between 350 and 500 8C.
In the intermediate unit sampled at the Tiourjdal

and Oued Lahr sections, we found a reversed,

roughly antipodal direction (Fig. 2b). These reverse
magnetizations are generally stable over a temper-

ature range similar to those normal polarity magnet-

izations that attained stable endpoints (150–525 8C),
suggesting the unblocking of titanomagnetite, and

above 525 8C, become unstable or trend towards

anomalous directions suggesting transformation of

maghemite into magnetite. Due to strong overprint-

ing by the present field, we use great circles to infer

reversed polarity directions [26] and choose to not

include those data whose great circles end further

then 458 from the expected reversed polarity

direction. At the Tiourjdal section, this reversed

polarity component is found in a ~1-m-thick local

limestone interlayer ([10], Fig. 2b) within the

intermediate unit, where the upper part of the

sediments are in contact with and are remagnetized

by overlying pillow lava structures. A reversed

direction is also observed at the Oued Lahr section,

in pillow lavas just above the transition from the

lower to the intermediate unit (Fig. 2b), where the

top of the pillow lava flow shows partial remagne-

tization by the overlying, normal polarity flow. The

two observed reversed polarity events occur at

different relative horizons within the intermediate

unit, spatially separated by over 50 km. Thus, the

synchrony of these two reversed polarity events

remains ambiguous.

In both the upper (136 specimens from 91

cores sampling 11 flows, Fig. 2c) and recurrent

units (46 specimens from 26 cores sampling 3

flows and sediments, Fig. 2d), specimens behave

similarly, displaying multivectorial components. A

low-coercivity component interpreted as VRM is

followed by a high-coercivity component unblocking

by ~40–130 mT or 400–560 8C with a general NW

downward direction, as before, arguing in favor of

both multidomain and/or pseudo single- or single-

domain magnetite grains as the primary carrier of

remanent magnetization. One upper unit flow (flow

3, Jebel Imizar) shows a direction much more similar

to those of the intermediate unit (Table 1). This flow

was located across a faulted zone, and may have

been misidentified in the field; thus, we have

excluded these data from formation mean calcula-

tions. Samples from the two different sections

sampling the recurrent unit (Ait Ourir and Agouim)

show slightly different directions (Fig. 2d). The

mean direction for the recurrent unit of the Agouim
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section is similar to that of the upper unit, as is the

site mean of the recurrent unit at the Ait Ourir

section. The mean directions for the Agouim and Ait

Ourir recurrent units, however, differ from each other

by tens of degrees in declination and inclination

(Table 1). The discrepancy between these outcrops

separated by ~50 km may reflect the discontinuous

nature of the recurrent unit, but more likely, is a

result of the difficulty of determining paleohorizontal

for the recurrent unit at the Ait Ourir section, where

the local flow exposure was poor, and bedding

orientation difficult to discern. Consequently, we also

exclude the recurrent unit data of Ait Ourir from

further calculations.
Fig. 3. (a) Magnetostratigraphy, mean flow declination, and inclination and

shown, as discussed in the text. (b) Projection of mean flow directions from

analysis of mean flow directions. (c) Projection of mean flow directions fro

correlations (DG2, DG4, DG5, and DG6). Note that the basal lava flows at

of Tiourjdal mean flow directions overlain with Tiourjdal DG mean direc
Mean flow directions are presented in Table 1 by

sample location. Data from thin flows represented by

b2 cores are not included. Mean flow directions for

the lower and upper units cluster tightly, while data

from the intermediate and recurrent units show a

larger variation in declination. One obvious feature,

best seen in the Tiourjdal section (Fig. 3) but

observed in all sampled sections, is the occurrence

of groups of consecutive lava flows with the same

mean direction within uncertainties. We define each

such directional group (DG) as a set of consecutive

flows with statistically indistinguishable paleomag-

netic directions where the variation of the DG is less

than the g95 of the mean group direction, and the
directional groups (DGs) from the continuous Tiourjdal section are

Tiourjdal. Symbols correspond to DGs identified by single-cluster

m the continuous Oued Lahr section. Symbols indicate proposed DG

Oued Lahr did not outcrop and that they were not sampled. (d) Detail

tions (white symbols).
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jump in the direction is greater than the mean g95 of

the previous group. Flows within the lower unit

show the presence of two directional groups, while

the intermediate unit shows a wide variation in

direction, with at least three identifiable groupings

that overlap with both the lower unit and upper unit

poles (Fig. 4). A slight offset between the Oued Lahr

and Tiourjdal clusters (Fig. 3b,c) from the inter-

mediate unit may be a result of relative rotation, but

falls well within the range of intermediate unit
Fig. 4. VGPs determined from accepted mean site directions in

this study (Table 1) plotted with A95 errors, overlain by mean

poles (white four-point stars) from the five primary directional

groups: DG1, DG2, DG3, DG5, and DG6 (Table 3). Lower

unit poles shown with crosses, intermediate unit poles shown

with triangles, upper unit poles shown with squares, recurrent

unit pole shown (for reference) with an dXT. The mean pole

and bivariate error determined from this study is shown with a

white five-point star. The lower projection displays determined

paleopoles and their reported A95 from this and previous

studies of Moroccan CAMP rocks (Table 3). Poles with

A95N15.0 are not plotted. Data from [28] shown by square

symbols, [29] shown by a cross symbol, [30] shown by an

upwards triangle, [31] shown with a downwards triangle, [32]

shown with a circle, and [33] shown with a diamond. The

African mean pole at 200 Ma determined by [34] is shown

with a white four-point star, that from this study shown with a

white five-point star.
directions (Fig. 4). The upper unit displays more

tightly clustered poles, agreeing with the much

smaller volume and (inferred) briefer eruptive

duration of these flows. The recurrent unit displays

a similar direction to the upper unit, but the time

separating eruption of these two formations is

unclear. More than two thirds of the total erupted

volume of Moroccan CAMP volcanism in the High

Atlas seems to be contained within only three DGs,

including the entire lower unit, and approximately

half of the intermediate unit.
4. 40Ar/39Ar results

CO2 laser incremental heating analyses of 22

plagioclase separates from 11 different flows (includ-

ing one previously reported in [10]) from lavas of the

High Atlas display a variety of spectra. Eight analyses

with very low (b15%) radiogenic Ar contents (see

Table 2) yielded unreliable results dominated by

atmospheric argon, and are not discussed further.

Eight of the remaining 14 analyses yielded well-

defined age plateaux (Fig. 5) on a total of five lava

flows. Spectra often show younger apparent ages in

the lowest temperature steps as well as suppressed Ca/

K ratios, a probable result of the contribution from K-

rich alteration phases formed at low temperature such

as sericite identified in plagioclase. The mean square

of weighted deviates (MSWD) values of plateau ages

from the lower through the upper units range from 0.5

to 1.2, indicating good correspondence between

expected and estimated errors. Isotope correlation

diagrams (isochrons) for samples yielding plateau

ages indicate a trapped 40Ar/36Ar ratio generally

indistinguishable from an 40Ar/36Ar atmospheric ratio

of ~296. Results of all individual analyses are

summarized in Table 2.

Age spectra from 14 experiments are presented

from the bottom (lower unit) to the top (upper unit) of

the lavas, along with the Ca/K ratio and percent of

radiogenic 40Ar (Fig. 5). All experiments where

separate grain size fractions were analyzed and

yielded plateau ages are concordant at the 2r level

(Fig. 5 and Table 2). The weighted mean of ages from

samples yielding plateaux and corresponding to the

same flow was used to calculate the reported age of

the flow (see online appendix). All spectra obtained
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from the lower unit are statistically indistinguishable,

yielding six plateau ages ranging from 200.7F1.6 to

199.3F1.4 Ma (Fig. 5) with similar behavior and

lower average Ca/K ratios of ~35. One sample, the

larger grain size of TIO01b, shows a large amount of

scatter outside of expected errors (MSWD=3.9), and

is not considered a plateau age, although the

determined age of 199.3F1.8 Ma is indistinguishable

from the plateau yielded by the smaller grain size

fraction (199.3F1.4 Ma), with an MSWD of 1.2. The

weighted mean age of the lower unit lavas is

200.1F0.6 Ma.

Samples from the intermediate unit display a large

range of average Ca/K ratios (30–90) and notably

more disturbed spectra. This behavior is often

correlated with low radiogenic argon (40Ar*) contents

contributing only 3–40% to the total 40Ar, and higher

more variable Ca/K ratios. The result is a dramatic

increase in the relative error due to low 40Ar* content

and large corrections on calcium derived argon

isotopes. All eight analyses from the intermediate

unit are less precise, and yield only one age fitting our

plateau criteria, of 199.7F1.6 Ma (MSWD=0.8). A

second grain size analyzed from the same flow yields

a similar age (199.2F1.6 Ma), but with an excess

scatter (MSWD=1.9), and is thus rejected. Only one

spectrum was obtained for an upper unit lava, which

yielded a plateau age of 199.8F1.8 Ma [10]. This age

is slightly younger than those obtained for the lower

unit, but statistically indistinguishable at the 2r level

from all other determined ages within this study,

confirming a rapid mean eruption rate. The weighted

mean age of all CAMP lavas presented in this study is

199.9F0.5 Ma.
5. The tempo of Moroccan CAMP volcanism

We have compiled all available 40Ar/39Ar plateau

ages from the literature (see online appendix) includ-

ing our new ages, recalculated where necessary to

reflect the same monitor age (Fish Canyon sanidine,

28.02 Ma [20]), and present them as an age

probability diagram (Fig. 6). Application of a quality

filter, choosing only data which come from samples

including N70% 39Ar from a determined plateau and

showing no obvious slope or disturbance, has reduced

artifacts due to alteration, recoil, and excess argon, all
of which tend to increase dispersion of the data.

Rigorous treatment of the available 40Ar/39Ar age data

results in a very narrow window of time focused on a

major magmatic event initiating at ~200 Ma and

possibly continuing in minor amounts until ~192 Ma.

The filter we have applied obviously does not ensure

exclusion of spurious ages and further scrutiny of

outliers would be useful.

Ages constraining the bulk of the Moroccan

volcanism place CAMP volcanism in Morocco at

the peak of this magmatic event, and emphasize the

brevity of the event. Our compilation also illustrates

that the dating of CAMP volcanism in Morocco is

now far better constrained (Fig. 6), and therefore

overrepresented, compared to other occurrences of

CAMP-related magmatism. Two locations (the lava

flows of Morocco and the Fouta Djalon sill in

Guinea) contribute over 75% of the accepted age

data for the Central Atlantic Magmatic Province. To

piece together the evolution and overall timing of the

CAMP, further chronologies study in other parts of

the province is warranted. Present data affirm that

the maximum eruptive duration of the main pulse of

volcanism is b2 Ma in Morocco, with no detectable

variation in age within 2r errors between the lower

and upper unit. A minimum duration, however, is

difficult to estimate from radioisotopic age data alone

due to the typical age uncertainty of F~0.5–1%,

even neglecting systematic errors.

In flood basalts, rapid episodic direction changes

are most likely the result of an eruption rate that was

rapid relative to the rate of secular variation [35,36].

Paleomagnetic data, as well as the presence of

sediments between the various formations suggest

the division of Moroccan CAMP volcanism into

several pulses. We have identified at least four

primary directional groups and one magnetic polarity

reversal, present in the Tiourjdal section, and sup-

ported by the magnetic declination and inclination

data from the other sections in this study (Fig. 3 and

Table 1). Previous paleomagnetic studies of CAMP

volcanics have been noted in several cases to reveal

dispersed directions [e.g., [31]], often been attributed

to indicate a wider (and younger) range of remanence

ages [37–39]. We find no evidence of age variation

within the Moroccan lavas, however, based on our
40Ar/39Ar age results. Variable paleohorizontal ori-

entations can also be ruled out as these variations are
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Fig. 6. Comparison of filtered published 40Ar/39Ar plateau ages

and reported 2r errors on CAMP volcanic and intrusive activity.

Age probability diagram uses 1 Ma bins, shaded areas compare

the filtered and unfiltered 40Ar/39Ar plateau age data sets.

Accepted western Atlantic margin ages (North America, Brazil,

and Guyana) shown with diamonds, eastern Atlantic margin ages

(Morocco and Guinea) shown with triangles. Rejected ages are

shown with grey dots. All ages shown are listed in the

Background Data Set.
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well constrained for most sections (Background Data

Set), and are negligible for the Tiourjdal section. DGs

are defined by changes in inclination as well as in

declination, with a maximum variation in Tiourjdal

(varD=448F428; varI=178F98) that agrees within

error with the expected general variation (158F58)
for the considered paleolatitude [40]. The general

correspondence of CAMP eruptive units (identified

based on field observation and geochemistry [10])

with our suggested directional groups is consistent

with a picture of punctuated eruption. Our data

confirm this eruptive mode and highlight the episodic

nature of CAMP volcanism.
Fig. 5. 40Ar/39Ar apparent age spectra, Ca/K ratios, and percentage of radiog

from CAMP lava flows. dLT: lower unit; dIT: intermediate unit lava; dUT: up
from isotope measurements and interference corrections. Ages with asterisk

in the text.
The presence of directional groups indicates brief

pulses of lavas, generally within the maximum age

resolution presently possible from 40Ar39/Ar dating

methods, that do not completely average secular

variation. Similar findings within the North Atlantic

Tertiary Province [41] suggest that spot recordings of

secular variation may be typical of the nature of

rapidly erupted large igneous province volcanism.

Accordingly, dense sampling over the entire strati-

graphic succession of lavas and identification of

directional groups is likely necessary to adequately

average secular variation for any large igneous

province. It follows that brief volcanic pulses and

directional groups present a potentially useful tool for

temporal correlation of flows and intrusives across the

North African CAMP province, as well as across

other large igneous provinces (e.g., [42]).

Each DG record displays smaller variation both in

VGPlong and VGPlat (Table 3) than that observed

over a 450-year period in the late Holocene

(maximum VGPlat variation of 7.88; [43]). Assuming

that paleosecular variation at 200 Ma was of similar

amplitude to that of the Holocene, each individual

DG cluster may correspond with a volcanic event of

very short duration, possibly V450 years. Approx-

imately five volcanic pulses with distinct clustered

directions and the presence of at least one polarity

reversal (1000–8000 years [44]) within the lava pile

provides a lower estimate on the duration of

volcanism of b20 kyr. We cannot infer the time

gap between each volcanic pulse, however, which

could plausibly be thousands of years or more. Our

maximum (40Ar/39Ar) and minimum (secular varia-

tion) estimates compare well with a proposed

duration of ~580 kyr in the northeastern United

States [5], where only the youngest CAMP lavas (the

Orange Mtn. through Hook Mtn. Basalt, correspond-

ing to the intermediate/upper units and recurrent unit,

respectively [10]) are present.

Several paleomagnetic studies in Morocco focused

on CAMP-related rocks [28–33] in the 1970s, well

before the extent and age of CAMP was recognized.

These studies generally relied on end-vector point
enic 40Ar from 14-step heating experiments on plagioclase separates

per unit lava. Plateau ages with 2r uncertainties include uncertainty

s are shown for comparison only, and are not accepted, as discussed



Table 3

Paleomagnetic poles from Moroccan CAMP lithologies

Directional group mean poles N VGPlat VGPlong k g95

Paleomagnetic data, CAMP-related sediments and lavas (this study)

DG1 lava flows 12 77.2 207.1 257 2.7

DG2 lava flows 23 78.1 125.4 145 2.5

DG3 lava flows 7 56.6 261.1 60 7.8

DG5 lava flows 5 69.7 212.4 272 4.6

DG6 lava flows 14 56.6 274.7 84 4.4

200 Ma African mean directional

group paleomagnetic pole

(this study)

N VGPlat VGPlong Dp Dm

5 73.0 241.3 5.0 18.5

Paleomagnetic data from other studies of Moroccan CAMP-related sediments, lavas and intrusives

N VGPlat VGPlong g95

Hailwood and Mitchell [28] Draa Valley sills 16 65.5 230.5 3.5

Hailwood and Mitchell [28] Foum–Zguid dike 5 58.0 259.0 4.0

Bardon et al. [29] Moroccan volcanics 27 71.0 216.0 7.0

Hailwood [30] Issaldain dolerites 8 77.5 129.5 6.5

Hailwood [30] Ait Aadel dolerites 15 72.0 254.5 7.5

Hailwood [30] Titchka sediments 4 68.5 267.0 22.5

Daly and Pozzi [31] Khénifra basalts 9 58.1 248.0 3.7

Daly and Pozzi [31] Beni–Snassen basalts 12 57.4 252.0 9.2

Daly and Pozzi [31] Tazzeka basalts 6 79.1 274.2 5.9

Martin et al. [32] Telouet lava 1 51.4 215.6 16.0

Martin et al. [32] Argana Redbeds 22 50.6 251.4 12.0

Westphal et al. [33] Upper dTriassicT 34 72.0 218.0 6.0

Paleomagnetic virtual geomagnetic pole determinations from CAMP-related lavas, intrusives and sediments in Morocco (this study and [28–

33]). Mean directional group paleomagnetic pole does not incorporate reversed flows (DG4), nor DG7 (see text). Rock associations to CAMP

are based on our reevaluation of published descriptions, map locations and poles. Poles with a95N15.0 are shown in italics and are not plotted

(Fig. 4).
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analysis and, in most cases, only one demagnetization

step. Additionally, studies sometimes mix CAMP-

related rocks with those of other ages and associa-

tions, which we have tried to exclude. Reversed

polarities are occasionally reported, but the context

and temporal association of samples is not always

clear (e.g., [33]). Comparison with previous paleo-

magnetic studies and reevaluation of data reported

from Moroccan lava flows, sills, dikes, and sediments

of Triassic–Jurassic age in the context of our findings

(Table 3) is not always straightforward, but the

representation of various directional groups through-

out these studies is clear (Fig. 4). The mean pole for

Moroccan CAMP calculated using mean flow poles

from 66 flows and sediments from all sampled

sections (Table 1) is k(8N)=77.28, /(8E)=240.98
(g95=4.68), distinct from the expected 200 Ma pole
for Africa of k(8N)=63.98, /(8E)=244.68 (g95=5.78)
[34], as might be expected in light of the presence of

rapid eruptive pulses. Despite including only consis-

tently analyzed and densely sampled data directly tied

to radioisotope age constraints, our data do not

adequately sample secular variation, and, therefore,

our determined mean pole does not by itself represent

a mean 200 Ma African pole. Our DGs should be

sufficiently dispersed to average secular variation,

however, without overrepresentation of any given

group. We exclude DG7 from the recurrent unit of

unconfirmed age, and DG4 from the reversed layers

represented by single flows, which may comprise one

or two events. The DG distribution is not fisherian,

and, therefore, errors are better evaluated with

bivariate [45] statistics. Taking the mean pole

determined from our five DG poles (Table 3) yields
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an African pole for 200 Ma of k(8N)=73.08,
/(8E)=241.38 (Dp=5.08, Dm=18.58), indistinguish-

able from that of [34] (Fig. 4).
6. CAMP and Triassic–Jurassic boundary

The Triassic–Jurassic (Tr/J) boundary is often

considered among the most significant mass extinc-

tions in the last 0.5 Ga, with some studies

estimating 80% of species lost [46], comparable to

the Cretaceous–Tertiary (K/T) extinction ca. 65 Ma.

Recent review of the extinction record [16],

however, shows that much work remains to be

done to clarify the tempo and extent of this

extinction event. The Tr/J boundary is best defined

in the marine record, generally by ammonoid

biostratigraphy. The terrestrial Tr/J boundary record

is currently best constrained by palynoflora zones,

despite some concerns with the reliability of pollen

and spore dispersion in the biostratigraphic record.

Correlation between the marine and terrestrial

record is imperfect, at best, and this study provides

one possible means of correlation through paleomag-

netic correspondence.

Magnetostratigraphic work on a terrestrial section

across the Triassic–Jurassic boundary preserved in

the Newark Basin (eastern North America) [47],

which includes CAMP lava flows, identifies a

minor reversal in the Martinsville section (renamed

E23r; [48]). This brief reversal, identified in 2

specimens, occurs in sediments ~20m below the

lowest lavas present at this section (the Orange

Mountain Basalts), which share a strong geochem-

ical correlation with the Moroccan upper unit [10].

Plagioclase separates from the Orange Mountain

Basalts are dated at 201.0F2.1 Ma [49] by an age

spectrum showing some disturbance, but are con-

temporaneous within errors with our ages for the

CAMP lavas of Morocco. Observation and geo-

chemical evidence [10] indicate that some portion

of the intermediate unit and the entire lower unit are

absent in the Newark Basin. Based on these

multiple lines of evidence, the observed reversals

within the intermediate unit are tentatively corre-

lated to the E23n, E23r, E24n sequence seen in the

Newark Basin. Magnetostratigraphy has also been

reported from a drill core from the Triassic–Jurassic
Paris Basin [50] showing the presence of two brief

reversals, although the youngest is identified by a

single sample, and the work is not tied into an

absolute timescale.

Results reported from the Triassic–Jurassic marine

section at St. Audrie’s Bay (United Kingdom) [19]

identify a brief set of reversals (SA5.2r, .3r, and SA5r)

in successive horizons, occurring just before and

within the Triassic–Jurassic transition, also tentatively

correlated with E23r of the Newark Basin. This

transition zone in St. Audrie’s Bay occurs after the

last appearance of late Triassic conodonts and before

the first occurrence of Jurassic ammonoids. A

correlative section tentatively linking the St. Audrie’s

Bay marine section with the Newark Basin and the

Moroccan CAMP lavas is shown (Fig. 7), and

suggests that volcanism commenced well before the

proposed boundary age in marine sediments, as has

been inferred from multiple other lines of evidence

[10,51].

Other hypotheses relating to the cause of the Tr/J

mass extinction include a moderate iridium enrichment

above the Tr/J palynoflora limit, in the Jacksonwalt

syncline, associated with a small fern spike [52]. The

enrichment has an averagedmaximum of 144 ppt, more

than an order of magnitude smaller than that reported at

the K/T boundary of ~3000 ppt [53]. Our paleomag-

netic and 40Ar/39Ar ages imply that the inferred Ir

anomaly hypothesized to be related to an impact having

a causal relationship to the Tr/J boundary extinction

must postdate the onset of volcanism.

The age of the Tr/J boundary and extinction was

recently reevaluated using the U/Pb zircon method by

Pálfy and collaborators [54,55] in a tuff interstratified

in marine sediments, occurring slightly (~3.5m) below

the boundary at 199.6F0.3 Ma. This age was

determined from multigrain zircon fractions, which

can bias the age due to unrecognized lead loss and/or

older inheritance [56]. On closer view, these eight

multigrain analyses show very complex behavior, with

five of the eight analyses not yielding the suggested

age. Taking into account the recently inferred 1% to

1.5% bias between U/Pb and K/Ar dating systems

[57,58], most of the published 40Ar/39Ar ages in

Morocco are marginally older (within analytical

errors) than the minimum age for the Tr/J extinction

[55], but cannot be currently resolved from the

Triassic–Jurassic boundary age.



Fig. 7. Proposed correlation of Moroccan CAMP magnetostratigraphy and ages. Lower and intermediate unit ages shown are weighted mean

formation ages presented in this paper; the age of the upper unit is from [10]. Data compared with paleomagnetic data from the terrestrial

Martinsville drill core of the Newark Basin [47,48], using ages of [49], as well magnetostratigraphy [19], lithostratigraphy, and y13C isotopic

data [13] of the St. Audrie’s Bay marine section. The vertical axes of the three sections are not scaled relative to one another.
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Magnetostratigraphic results suggest that more than

half the volume of CAMP lavas in Morocco (the lower

unit and part of the intermediate unit) were erupted

before a brief period of reversed magnetic polarity

(E23r, Fig. 3), which preceded the Tr/J boundary

extinction. Paleomagnetic data reveal a pulsing erup-

tive mode, with several large-volume and short-lived

volcanic pulses (possiblyV0.4 kyr) occurring during

this major volcanic event. An eruption rate modulated

by brief pulses of intense volcanism has the potential to

introduce considerable quantities of volatiles into the

atmosphere over rapid time periods, and contrasted

with a model assuming constant extrusion rates, may

have played a crucial role in driving the events of the

Tr/J boundary (e.g., [4,13,15]).
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