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Abstract: Early Triassic and Late to Middle Permian magnetostratigraphic investigations 
are numerous and span the globe. More than 20 magnetostratigraphic sequences have docu- 
mented all or part of the Early Triassic geomagnetic field polarity, and > 27 have examined 
the Late and Middle Permian; 13 span the Permian-Triassic boundary. In order to assess the 
exact polarity sequence in the time period surrounding the Permian-Triassic boundary, the 
sequences have been compared diagrammatically. Four distinctive intervals of geomagnetic 
polarity characterize the Early Triassic, and have been named for discussion purposes: Gries 
N, Diener R-N, Smith N, and Spath N. A polarity pattern for the Mid- and Late Permian is 
also recognizable. The Mid- and Late Permian are characterized by two normal polarity inter- 
vals (Chang N and Capitan N) of greater apparent duration than those of the Early Triassic. 
Below the Permo-Triassic Gries N, a distinctive short duration reversed-normal-reversed 
polarity pattern characterizes the uppermost Changhsingian. The oldest normal polarity 
in the Middle Permian occurred during the Wordian Stage, established by results from 
three global sequences. Therefore, the geomagnetic field resumed reversing behaviour after 
the ~50 Ma-long constant polarity of the Kiaman Reversed Polarity Superchron ('Illawarra 
reversals') during the Mid- to Late Wordian, or -267 Ma. 

Very significantly, the magnetostratigraphic summary from this work indicates that the 
Siberian Traps were active in the Late Permian and spanned the Permian-Triassic boundary. 
This new geomagnetic polarity dating of the massive Siberian flood basalt activity suggests 
long-term eruption and environmental degradation, therefore making this igneous activity the 
most likely cause of the end-Permian mass extinctions. Magnetostratigraphy suggests that 
eruptions probably commenced in the Late Guadalupian; therefore, the eruptions of two 
large igneous provinces, Emishan and Siberian, were probably partly simultaneous during 
part of the Mid- to Late Permian. Environmental havoc throughout the late Mid- and Late 
Permian is easy to imagine, stressing the environment prior to probably more voluminous 
eruptions at the end of the Guadalupian and Permian. Siberian eruptions continued through 
the early Early Triassic, and probably contributed to the slow biotic recovery. 

The greatest demise of life forms on this planet 
occurred at the close of the Permian Period. 
The quest to understand the cause of this largest 
of mass extinctions would be aided by the 
knowledge of the exact sequence of geomagnetic 
field polarity reversals around that time, because, 
when preserved, the magnetic polarity sequence 
is a constant, independent of facies, climatic 
zonation, endemism, and other variables that 
have hampered global Permian-Triassic bio- 
stratigraphical correlation. 

The most accurate assessment of the geomag- 
netic field polarity changes during the Late 
Permian, the Early Triassic, and their mutual 
boundary will be one determined from examina- 
tion of all data sources, that is, marine and 
terrestrial sedimentary strata and igneous rocks 
(Siberian Traps, Emishan Basalts). Despite 
the fact that marine sequences allow better 
age control because of their faunal content, 

terrestrial and igneous sequences commonly 
record the geomagnetic field more faithfully 
because of their greater magnetic mineral content 
and less chemically reactive depositional setting. 

This investigation, therefore, has compiled 
nearly all of the global magnetostratigraphic 
results of this time interval. The compilation 
was restricted to data, excluded publications that 
consisted solely of summaries, but has included 
two sets of unpublished data because of their 
importance in assessing the magnetostratigraphy 
of the Middle Permian. Some published data 
have not been included because of the difficulty 
of including the many results that presently exist 
into a single clearly readable diagram. Because of 
this, older studies in which stratal age control 
was poorly known beyond the period assignment 
(e.g. Valencio et al. 1977) are not included in the 
diagrams. Furthermore, studies published in 
regional journals not readily accessible in North 
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American libraries (and possibly not referenced 
in North American databases) may have been 
unintentionally excluded from this compilation. 

The compilation is displayed as two diagrams. 
Results from the Early Triassic are displayed 
in Figure 1, and those from the Mid- and Late 
Permian in Figure 2. The Early Triassic is 
examined first in this assessment of the Permian- 
Triassic geomagnetic polarity sequence, because 
a common polarity pattern is apparent in most 
Early Triassic sequences and easily correlated 
among them, in sharp contrast to that of the 
preceding Mid- and Late Permian time interval. 

The Early Triassic 

The Early Triassic polarity pattern is generally 
readily recognizable among global sequences. All 
or part of the Early Triassic magnetic polarity 
sequence has been investigated in at least 19 loca- 
tions globally. Of these magnetostratigraphic 
sequences, six span approximately the entire 
Early Triassic; and 13 span the boundary 
between the Permian and Triassic. 

Numerical ages are not used in Figure 1, 
because no radiometric ages have been deter- 
mined for the Early Triassic except that of the 
Permian-Triassic boundary. Lacking Early 
Triassic numerical ages, various scaling methods 
have been applied (e.g. Sweet & Bergstroem 
1986; Ogg, in Gradstein e t  al. 2004, chapter 17). 
Ogg assigned Early Triassic radiometric ages 
based on extrapolation between the Permian- 
Triassic boundary age and U-Pb-dated tufts at 
the Mid- Triassic Anisian-Ladinian boundary, 
and employed assumptions about the length of 
the Early Triassic and the length of ammonite 
zones. However, the Anisian-Ladinian U-Pb 
dates are not entirely in agreement, varying by 
_+ 1.0 Ma, and have error limits of--0.5 to 1 Ma. 
Because these numerical ages assigned to the 
Early Triassic by Ogg have not been verified by 
geochronological studies, that numerical time 
scale is employed in Figure 1. 

Individual magnetostratigraphic sequences 
were plotted in the figures by stretching or 

compressing each entire polarity sequence to 
approximately fit the master biostratigraphical 
scale of the figure. No allowances were made for 
changes in sedimentation rate within a measured 
section; these changes become evident when the 
magnetostratigraphies are compared. Sections 
without biostratigraphical control were simply 
scaled to the best match of their displayed 
polarity patterns to those with biostratigraphical 
constraints. 

Early Triassic magnetostratigraphic sequ- 
ences agree quite well (Fig. 1) and display no 
polarity-biostratigraphy conflicts. This agree- 
ment, in such marked contrast to the Mid- and 
Late Permian or the Late Triassic, is probably 
due to relatively accurate recording of the geo- 
magnetic field polarity by most Early Triassic 
sequences. The Early Triassic geomagnetic field 
polarity behaviour appears to be no different 
in reversal frequency than that of, for example, 
the Late Triassic. The most likely reason for the 
great similarity among Early Triassic records of 
magnetic stratigraphy is the fact that most of the 
Early Triassic sequences have significant terres- 
trial sedimentary contributions: Early Triassic 
strata are either terrestrial deposits, marginal 
marine deposits, or represent marine deposi- 
tional environments that received significant 
terrestrial detritus. Detrital terrestrial sediment 
provides far more magnetic mineral grain carri- 
ers (magnetite, hematite, etc) than are commonly 
available in wholly marine settings. 

A second factor is the fact that Fe z+ ions are 
readily mobile in solutions that have reducing 
pH values. Magnetite (Fe304) is dominantly com- 
posed of Fe 2§ ions; hematite (Fe203) also contains 
a portion of Fe 2+ ions, as do iron sulphides. The 
biogenic activity in shallow marine environments 
creates a reducing pH. Therefore, under common 
marine sedimentary rates of deposition, magnetic 
grains deposited in the shallow marine environ- 
ment are readily dissolved; hence the magnetic 
recorders and their information are removed 
from the (magneto) stratigraphical record. How- 
ever, the added magnetic mineral input from 
the influence of greater terrestrial detritus could 
compensate for the process of dissolution of 
magnetic mineral grains; that is, the Earth's field 

Fig. 1. Global magnetostratigraphic correlation of the Early Triassic. Normal (reversed) polarity is black (white); 
diagonal lines represent unsampled section or poor data. Magnetostratigraphic sequences shown were taken 
from: 1. Steiner et al. 1989; 2a. Steiner et al. 1989; 2b. Heller et al. 1988; 3. Steiner et al. 1989; 4. & 5. Heller et al. 
1995; 6. (Albania) Muttoni et al. 1996, revised Spathian-Anisian boundary from Bachman & Kozur 2004; 
7a-b. Bella and Siusi, Scholger et al. 2000; 8. Besse et al. 1998 and Gallet et al. 2000; 9. Ward et al. 2005, 
Steiner et al. 2003; 10. Ogg & Steiner 1991; 11. Steiner et al. 1993; 12. Molina-Garza et al. 1991; Steiner & Lucas 
1992; 13. Steiner et al. 1993; unpub, data; 14. Hounslow et al. 1996; 15. Khramov 1987; 16. Lozovsky & 
Molostovsky 1993; 17. Kotylar et al. 1984; 18. Gurevich & Stautsitay 1985; 19. Szurlies et al. 2003; 
20. Nawrocki 1997. 
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record of the time survives because the greater 
input of magnetic grains ensures that not all 
carrier grains are dissolved. 

This greater amount of terrestrial sediment 
input in the Early Triassic may be an effect of 
the preceding mass extinction; the extinction of 
life forms, particularly floral, may have allowed 
greater erosion of the land areas. Because the ter- 
restrial records are the most reliable magnetic 
data, the terrestrial sequences are described first 
in the following discussions and followed by the 
marine records. 

N o r t h  A m e r i c a  

Two sequences of largely red-bed sedimentary 
strata, but with marine strata interfingering, have 
been studied; both the Moenkopi Formation 
and the Chugwater Group span most or all of the 
Early Triassic. In addition two deep-water, near- 
shore sedimentary sequences of Arctic North 
America of the Triassic have been investigated, 
including the global Early Triassic stratotype. 

Despite the fact that deposition in the 
Moenkopi Basin was largely terrestrial red beds, 
marine incursions into the western part of the 
basin provide marine faunal control to the 
red-bed magnetostratigraphy (see Fig. 1, column 
11). Ammonite faunas of Smithian ( M e e k o c e r a s )  
and Spathian (T iro l i tes )  ages are present in the 
western Moenkopi (McKee 1954; Poborski 
1954); these are indicated by the letters 'M' and 
'T' in Figure 1. Strata overlying the Spathian 
Moqui Member contain a vertebrate fauna that 
demonstrates that the Moenkopi Formation 
(Fig. 1, column 11) continues into the early 
Anisian Stage of the Middle Triassic (Lucas 
Morales 1985; Morales 1987). Magnetostrati- 
graphy has been measured in numerous (16) 
sections across the entire Moenkopi depositional 
basin (some published - see Steiner et al. 1993- 
and some collected into an archive and obtain- 
able from Steiner). The combined litho- and 
magnetostratigraphic information has permitted 
basin-wide correlation of facies and polarity 
zones. 

Column 11 of Figure 1 is a composite of 
all the Moenkopi studies. Basin-filling began 

in the eastern part, and the section adjacent to 
the Uncompahgre uplift, the eastern border of 
the basin (Helsley & Steiner 1974) spans the 
entire time of basin-filling, whereas the western 
part of the basin was filled only in the later half 
of the Early Triassic and the early Mid-Triassic. 
Two hiatuses within the Moenkopi deposition 
were revealed by the magnetostratigraphy. Ero- 
sion removed most of the Smithian deposits in 
the western part of the basin, leaving a conglom- 
eratic facies containing M e e k o c e r a s  ammonites 
in the clasts; these deposits form the lowest 
Moenkopi deposits in the western basin, lying 
directly on Early Permian (Kaibab) limestones. 
Comparison with the Arctic stratotype sequence 
(Ogg & Steiner 1991; Fig. 1, column 10) suggests 
that part of Smithian time is missing in the 
Moenkopi Formation, even in the westernmost 
marine deposits (e.g. Shoemaker's Virgin River 
section; see Steiner et al. 1993). The magneto- 
stratigraphy of the eastern basin sections reveals 
that Moenkopi deposition did not begin at the 
beginning of the Griesbachian, but slightly later 
in the Early Triassic, so that the lower part of the 
Griesbachian Substage (normal polarity) is not 
represented in the Moenkopi Formation. The 
second hiatus revealed by magnetostratigraphy 
is late in Moenkopi deposition, in the latest 
Spathian, up to and/or including the earliest 
Anisian. Strata of this time interval were 
removed across the entire basin. Magneto- 
stratigraphic correlations at this horizon in the 
western part of the basin display a progressive 
lateral thinning and, in places, a complete 
removal by erosion of a relatively short-duration 
reversed-polarity interval (Grey Mountain 
magnetozone ofPurucker et  al. 1980) beneath the 
Anisian vertebrate-bearing strata (Purucker et  al. 

1980; Steiner et al. 1993). Again, comparison 
with the Arctic stratotype sequence suggests that 
only a short amount of time is missing. 

Further north in North America, another 
red-bed depositional basin also recorded the geo- 
magnetic field polarity during the Early Triassic. 
The Chugwater Group of western Wyoming 
contains the marine Griesbachian Dinwoody 

Fig. 2. Global magnetostratigraphic correlation of the Late and Middle Permian. Normal (reversed) polarity is 
black (white); diagonal lines represent unsampled section or poor data. Magnetostratigraphic sequences are from: 
1. Huang & Opdyke 1998 (Xuan, Xuanwei Fm; Maok, Makou Fm); 2. Embleton et al. 1996; 3. Heller et al. 1995; 
4. Steiner et al. 1989, Heller et al. 1988; 5. Heller et al. 1995; 6. Zhu & Liu 1999, Ziu et al. 1999; 7. Steiner et al. 
1989; 8. modified from Scholger et al. 2000; 9. Haag & Heller 1991; 10a. Besse et al. 1998; 10b. Gallet et al. 2000; 
11. Ward et al. 2005, Steiner et al. 2003; 12. Ogg & Steiner 1991; 13. Steiner 2001a & b; unpub, data; 14. unpub. 
data; Steiner et al. 1993; 15. Steiner et al. 1993; 16. Molostovsky 1983, fig. 20 and Lozovsky & Molostovsky 1993; 
17. Gurevich & Slautsitay 1985; 18. Khramov 1987; 19. Kotylar et al. 1984; 20. Gialanella et al. 1997; 21. estphal 
et al. 1998; 22. Fedorenko & Czamanske 1997; 23. Lind et al. 1994; 24. Gurevich et al. 1995; 25. Menning 1988 
and Szurlies et al. 2003; 26. Nawrocki 1997. 
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Formation shales and limestones, overlain by 
the red beds of the Red Peak Formation, in 
turn overlain by the probably marine Alcova 
Limestone. The marine Dinwoody Formation 
contains Griesbachian conodonts (Paull & Paull 
1986); the Alcova Limestone is thought to be 
Spathian (Picard et  al. 1969; Carr & Paul 1983; 
Storrs 1991), although no diagnostic biostrati- 
graphic proof exists. The Alcova Limestone is 
overlain by the probably Middle Triassic Crow 
Mountain or Jelm formations (High & Picard 
1967; Lucas 1994). The Red Peak Formation 
has been studied in a number of sections in 
western Wyoming; a summary of the magneto- 
stratigraphic results (Steiner et al. 1993) is 
shown as column 13 in Figure 1. The western 
Wyoming magnetostratigraphy agrees well with 
the Moenkopi Formation results from further 
south, as well as with other sections globally. 
The common polarity pattern recorded in the 
Red Peak Formation and the lower Moenkopi 
Formation indicates a common depositional 
time frame and an essentially accurate recording 
of the Early Triassic geomagnetic field. 

The grey shales and limestones of the Gries- 
bachian Dinwoody Formation were sampled 
below the Red Peak Formation in the southern 
Wind River Mountains of western Wyoming, but 
gave only a Cretaceous normal polarity magneti- 
zation (Steiner, unpub, data); this magnetization 
probably reflects remagnetization associated 
with the Cretaceous uplift of the Wind River 
Range during the Laramide orogeny. However, 
in south-central Wyoming, the lowest ~6 m of the 
red beds of the Red Peak Formation overlying 
the Permian Goose Egg Formation were sampled 
and these recorded normal polarity. The match 
between the magnetostratigraphies of the west- 
ern Wyoming Red Peak Formation and the 
Moenkopi Formation (Steiner et  al. 1993), com- 
bined with the presence of a normal polarity 
interval in the basal Red Peak beds of southeast- 
ern Wyoming, strongly suggests that the lowest 
Red Peak red beds in southeastern Wyoming are 
probably lateral equivalents of the Dinwoody 
Formation. Their normal polarity, therefore, is a 
representation of the normal polarity interval 
observed globally in the lower Griesbachian. 

The Arctic portion of North America con- 
tains the Early Triassic stratotype sequence 
(Tozer 1967). The strata are marine, and their 
sequence stratigraphy demonstrates a number 
of highstands and lowstands of sea level (Ogg & 
Steiner 1991). Therefore, the relative thicknesses 
of the polarity intervals are biased by sea-level 
changes and, to compensate, Ogg (pers. comm. 
2004) revised the stratotype polarity sequence in 

order to minimize the thickness changes related 
to sea-level changes (Ogg in Gradstein et  al. 2004, 
chapter 17). The revised polarity sequence is that 
displayed in column 10 of Figure 1. 

Although Svalbard is no longer part of North 
America, it was laterally adjacent in Early Trias- 
sic time to the Early Triassic stratotype-bearing 
Canadian Arctic portion of North America. 
The Svalbard Early Triassic strata were studied 
(Hounslow et al. 1996), and a polarity interpreta- 
tion was published, but without any supporting 
palaeomagnetic data on which to base the 
polarity interpretation. More recently, this same 
polarity interpretation was used in a sedimento- 
logical study (Mork et al. 1999), but again with- 
out any supporting palaeomagnetic behavioural 
data. The Svalbard polarity sequence (Fig. 1, 
column 14) is generally similar to the magneto- 
stratigraphics of the Arctic stratotype and the 
red-bed sequences of North America; however, 
numerous additional tiny normal polarity inter- 
vals were interpreted in the lower part of the 
Svalbard record that are not seen in any other 
sequence, and the lack of published magnetic 
behavioural data makes it impossible to assess 
the reality of this large number of short normal 
polarity intervals. 

E u r o p e  - n o n - m a r i n e  

The terrestrial magnetostratigraphy studied in 
Europe is that of the Buntsandstein Formation 
of the Central European Basin (CEB), studied in 
both Poland and Germany. The Buntsandstein 
Formation consists of a sequence of red beds 
that has been divided into three parts ('lower', 
'middle', and 'upper') that lie between the Mid- 
Triassic Muschelkalk and the Permian Zechstein 
beds. The entire thickness of the Buntsandstein 
beds has been studied in Poland (Nawrocki 
1997), using a combination of outcrop and core 
samples. 

Magnetostratigraphic investigation was 
subsequently continued through the overlying 
Middle Triassic Muschelkalk Formation 
(Nawrocki & Szulc 2000). The polarity sequence 
Nawrocki (1997) obtained from the Buntsand- 
stein strata is somewhat similar to that of other 
Early Triassic magnetostratigraphic sequences 
(Fig. 1, column 20), but appears to lack some 
polarity intervals. The upper division of the 
Buntsandstein, the R6t Formation, constitutes 
a lithological change from terrestrial red beds 
to hypersaline and marine deposition. Its age is 
Early Anisian, the faunal basis of which was 
reviewed in detail by Bachman & Kozur (2004). 
Bachman & Kozur (2004) also pointed out that 
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Nawrocki & Szulc's (2000) magnetostratigraphic 
correlation of the Upper Buntsandstein R6t beds 
cannot be correct in view of their biostrati- 
graphy. The lithological change represented by 
the R6t strata probably constitute a sequence- 
stratigraphic boundary; therefore, the Mid- to 
Upper Buntsandstein boundary is suggested to 
represent a hiatus, so that Spathian age strata are 
absent in the Polish Buntsandstein sequence. The 
Buntsandstein polarity sequence matches well to 
that of other global Early and early Mid-Triassic 
sections if Spathian strata are truly absent 
(Fig. 2). 

In Germany, the 'lower' and the lower portion 
of the 'middle' Buntsandstein strata have been 
studied magnetostratigraphically (Szurlies et al. 
2003; Szurlies 2004; Fig. 1, column 19). The 
German Buntsandstein polarity results are simi- 
lar to those of the Polish lower and lower middle 
Buntsandstein and to the global results. 

R u s s i a  a n d  T r a n s c a u c a s i a  

A very large number of terrestrial red-bed strata 
have been studied in Russia. Khramov (1987) 
summarized the results of his abundant investi- 
gations, and this summary is shown as column 15 
of Figure 1. Molostovsky (1983) also extensively 
studied the Russian Early Triassic terrestrial 
strata; the summary presented by Lozovsky & 
Molostovsky (1993) is shown in column 16 of 
Figure 1. A clastic sequence transitioning from 
marine to non-marine deposition in Transcau- 
casia straddles the Permian-Triassic boundary; 
the sequence was studied by Kotylar et al. (1984) 
and is shown as column 17 in Figure 1. (The exact 
same magnetostratigraphy, with the minor 
exception of moving the basal Griesbachian 
normal interval down into the Dorashamian, was 
also published by Zakharov & Sokarev in 1991, 
but without any supporting palaeomagnetic 
data from which the magnetostratigraphy was 
derived.) Gurevich & Slautsitays (1985) studied 
the marine to non-marine transitional sequence 
of Upper Permian and Lower Triassic strata on 
Nova Zemlya (See Fig. 1, column 18). These 
sections all show the same general pattern, but 
it had been the practice of Russian authors to 
eliminate fine-scale details in their magnetostra- 
tigraphic summaries. Thus, summary Russian 
and Transcausian magnetostratigraphies have 
commonly shown less polarity structure than 
other sections globally. However, if individual 
section results are examined (e.g. Molostovsky 
1983), the presence of the same short-polarity 
intervals observed elsewhere is commonly 
observed. 

E u r a s i a  - m a r i n e  

The Tethys Early Triassic Griesbachian and 
Dienerian strata have been investigated in Iran 
(Besse et al. 1998; Gallet et al. 2000) and in Italy 
(Scholger et al. 2000). In addition, a continuous 
sequence of the upper part of the Spathian and 
basal Anisian was studied in Albania (Muttoni et 
al. 1996). 

Early Triassic strata were studied in Iran 
at the Abadeh section (Gallet et al. 2000). 
The Griesbachian and Dienerian Substages 
were identified by the conodont fauna, which was 
accompanied by a sparse ammonite fauna. The 
Griesbachian is characterized by normal polarity 
succeeded by reversed polarity (Fig. 1, column 8), 
as is observed globally. The Dienerian begins 
with normal polarity and is succeeded by a 
reversed interval. When the gaps in sampling are 
taken into account (highlighted as diagonal lines 
in column 8 of Fig. 1), the Griesbachian and 
Dienerian Substages of the Iranian section agree 
well with the Arctic stratotype section. 

In Italy, two sections were sampled 8 km 
apart (Scholger et al. 2000). The Bulla section is 
a roadcut, and the Siusi section is a river-cut 
exposure. Each section contained sampling 
gaps, and Scholger et al. (2000) combined the 
magnetostratigraphic results from the two into 
a single polarity column based on the intervals 
of common polarity and lithostratigraphy. The 
overall polarity pattern of the Griesbachian 
and Dienerian Substages is relatively similar to 
other global sections, although, relative to the 
well-dated Arctic and Iranian sequences, the 
Griesbachian-Dienerian boundary appears to be 
lower, not unlike the situation in the Chinese 
Herchuan section. 

However, the Tesero Horizon (basal Early 
Triassic Werfen Formation), which is the desig- 
nated base of the Griesbachian in Italy, displays 
different polarities at the two sections sampled 
by Scholger et al. (2000). At Bulla, the Tesero 
Horizon is normal in polarity, whereas at Siusi, 
the Tesero Horizon displays reversed polarity 
(Scholger et al. 2000, figs 6 & 8). Sedimentation is 
argued to be continuous between the Permian 
Bellerophon and the Griesbachian Werfen For- 
mations (see discussion by Scholger et al. 2000). 
However, the polarity difference of the Tesero 
Horizon between two sections only 8 km apart 
appears to suggest otherwise. Scholger et al. 
(2000) did not discuss this polarity difference in 
the Tesero Horizon results, but they claimed that 
their data supported the concept of continuous 
deposition between the Bellerophon and the 
Werfen formations. In fact, they refer to the 
Tesero Horizon as a synchronous 'boundary 
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event horizon'. But, the difference in polarities 
indicates that either the Tesero beds are not a 
synchronous horizon between these two neigh- 
bouring sections, or that the remanent magneti- 
zation of at least one of the sections does not 
represent the geomagnetic field at the time of 
Tesero deposition. 

In an attempt to investigate this issue further, 
the magnetic study of the Gartnerkofel core 
(Zeissl & Mauritsch 1991) was re-examined. 
Examining the inclination data, the polarity was 
interpreted very stringently, that is, only the 
normal or reversed polarity results clearly fitting 
the palaeogeographic location of the locality at 
the time of deposition were considered. This 
stringent polarity interpretation suggests that 
the upper part of the Tesero Horizon above the 
black clay layer at the Gartnerkofel core site has 
reversed polarity, while the lower part has nor- 
mal polarity, but a direction that resembles that 
of the recent geomagnetic field and thus may be 
a recent secondary magnetization. However, of 
far greater significance, the data from the entire 
core displayed far more reversed polarity than 
is known for the Early Triassic - Late Permian 
time interval, suggesting the possibility that a 
reversed-polarity secondary magnetization may 
have overprinted the strata cored. These compli- 
cations prevented the issue of the polarity of the 
Tesero Horizon from being determined from the 
core data. Therefore, the problem remains that 
the differences between the Bulla and Siusi 
sections suggest that the Tesero between Bulla 
and Siusi is not a synchronous horizon or has 
been remagnetized in at least one section. 

The uppermost Permian strata also are differ- 
ent between the two sections. At Bulla, only the 
uppermost beds of the Permian Bellerophon 
Formation beneath the Tesero Horizon, -1.7 m 
thick, were sampled (probably because that 
was the extent of the available exposure in the 
roadcut); these beds display reversed polarity, 
consistent with most Late Permian sections glo- 
bally. In the natural outcrop at Siusi, the Tesero 
Horizon and underlying uppermost 0.5 m of the 
Bellerophon Formation showed noisy, reversed 
polarity. Below, another ~15.5 m of Bellerophon 
strata were sampled and displayed only normal 
polarity; however, these normal polarity samples 
exhibit a slightly different palaeomagnetic direc- 
tion than that of the normal polarity samples in 
the overlying Werfen Formation. If the magneti- 
zations at both sections are original magnetiza- 
tions dating from deposition of the strata, the 
normal polarity of the Bellerophon strata at Siusi 
(except for the uppermost 0.5 m) and reversed 
polarity of the uppermost 1.7 m at Bulla may 
indicate erosion of the uppermost Bellerophon 

strata beneath the Tesero Horizon. The issue of 
erosion has been much debated in the literature, 
with most authors presently considering that no 
depositional break exists. But, for these magnetic 
results to represent the original magnetization 
at the time of deposition, some strata must be 
missing at Siusi, or alternatively, the Tesero 
Horizon at Siusi has been remagnetized. Even so, 
the distinctive reversed polarity of the Late 
Changhsingian (discussed in the following 
Permian section) is missing at Siusi. 

A section in Albania investigated the upper- 
most Early Triassic and the early Mid- Triassic 
(Muttoni et  al. 1996). The Spathian-Anisian 
boundary was studied in a fossiliferous marine 
sequence at Kgira (Fig. 1, column 6). The 
Spathian of the K~ira section is similar to that of 
the Arctic stratotype sequence. Recent revision 
of the conodont biostratigraphy of the K~ira 
section (Bachman & Kozur 2004) suggests that 
the Spathian-Anisian boundary lies within a 
short reversed interval (Fig. 1, column 6). The 
K~ira section represents the only complete 
sequence across the Spathian-Anisian boundary; 
in both the Arctic and the Chinese Herchuan 
sections, sampling stopped short of the bound- 
ary. North American terrestrial sections in 
Arizona and New Mexico (Fig. 1, columns 11 & 
12) both sampled Anisian strata above an 
erosional unconformity. Only vertebrate fossils 
provide any age control, and vertebrate faunal 
age resolution presently is inadequate to deter- 
mine whether the strata of these sections straddle 
the Anisian-Spathian boundary, begin at the 
boundary, or begin within the Anisian. However, 
comparison of these two North American 
sections with the K~ira section indicates that 
North American deposition probably began a bit 
above the Spathian-Anisian boundary. 

China 

Only marine strata have been studied in China 
thus far; five marine sections in the Sichuan Basin 
on the South China Block sampled some portion 
of the Early Triassic. Early Triassic deposition 
at the Herchuan section (Fig. 1, column 1; Steiner 
et  al. 1989) was in a marginal marine setting, 
whereas Late Permian strata were deposited in 
a wholly marine environment. The lower portion 
of the Early Triassic, the Feixianguan Forma- 
tion, consists of alternating red and grey shales 
and limestones. The Feixianguan strata gave 
unambiguous palaeomagnetic polarity results. 
At the time of the study, the age of only the 
lower 100 m of the 400 m of Feixianguan strata 
were known; these contained Griesbachian 

 at Duke University on December 11, 2012http://sp.lyellcollection.org/Downloaded from 



MAGNETIC POLARITY TIME SCALE 23 

conodonts. The upper 300 m contain no age- 
diagnostic fauna, but conformably overlie the 
lower Feixianguan beds and are conformably 
overlain by the Jialingjiang Formation. Con- 
odonts found throughout the 600m of the 
Jialingjiang Formation were identified as 
long-ranging species of the Smithian-Spathian 
Substages. 

The Jialingjiang strata consist of grey, thin- 
bedded limestones and brown dolomite. The 
dolomite has experienced considerable dissolu- 
tion of interbedded evaporites. Solution breccia 
and appreciable vuginess in the dolomites 
resulted in a poorly preserved record of the geo- 
magnetic field polarity, particularly in the upper 
part of the formation; the many hachured inter- 
vals in column 1 of Figure 1 indicate the poor 
quality of the record. Although the biostra- 
tigraphical age information at the time of the 
study was limited, comparison of the magnetic 
polarity results with other global sections sug- 
gests that the Griesbachian may extend consi- 
derably higher than the highest Griesbachian 
conodonts, and that the lower part of the 
Jialingjiang strata may actually be Dienerian. In 
other words, the lower Jialingjiang strata up to 
the two larger normal polarity intervals in the 
middle of the formation, which were thought 
to be Smithian-Spathian, may be Dienerian. 
Those two thicker normal polarity intervals and 
the overlying vuggy interval with poor or no data 
may represent the complete Smithian Substage. 
Despite the problems of the upper part of the 
Herchuan sequence, the fit of the preserved 
magnetostratigraphy with the pattern from other 
global sections is reasonably good. 

The Shangsi section (Fig. 1, column 2) of the 
northern Sichuan Basin has been sampled twice, 
first by Heller et al. (1988), who sampled the 
Upper Permian Dalong Formation and a portion 
of the overlying Lower Triassic Feixianguan 
Formation. Shortly thereafter, Steiner et al. 
(1989) also studied this sequence because Chinese 
colleagues considered this to be a very important 
section and insisted upon additional sampling. 
Steiner et al. (1989) sampled the entire Upper 
Permian section overlying the Middle Permian 
Maokou Formation at this site, that is, the 
Wuchiaping and Dalong formations, as well as 
the exposed portion of the overlying Feixianguan 
strata. Both sampling teams found that the 
original magnetization was preserved in only a 
portion of the samples in the Permian part of the 
section. When the portions of the stratigraphy 
that lacked stable magnetization (Fig. 1, column 
2: diagonal lined areas in each of the sections) are 
taken into account, the resulting magnetostra- 
tigraphies are notably similar. Both indicate a 
basal normal polarity interval in the Feixianguan 

Formation overlain by reversed polarity, and the 
uppermost Changhsingian beds have reversed 
polarity in both studies. 

Heller et al. (1995) sampled two sections 
in central Sichuan located near one another, 
Wulong and Shuijiang (Fig. 1, columns 4 & 5). 
The Upper Permian formations were sampled 
at Wulong, but because of better exposure and 
less weathering near the boundary, and the 
Lower Triassic Feixianguan Formation sampled 
at Shuijiang; the results were then combined into 
a single polarity sequence (Heller et al. 1995). 
However, Steiner et al.'s (1989) Liangfenya 
section is located very close to the Wulong 
section of Heller et al.; Steiner et al. noted that 
the Permian-Triassic boundary was a tectonic 
boundary in this area. Boudinage structures in 
the clay layer at the boundary indicate that slip 
has occurred along this horizon during a folding 
episode in that area. Two factors, the proximity 
of the Wulong section to that the Liangfenya 
section and reversed polarity characterizing the 
Lower Triassic lower Daye Formation at the 
Wulong section, suggest the tectonic disruption 
of the stratigraphic sequence was even greater at 
the Wulong outcrop, because the lowest Triassic 
strata are always normal in polarity elsewhere. 
For these reasons, a large hiatus is shown in the 
Wulong section in Figure 1 (column 4). Although 
the Shuijiang section also is near the Liangfenya 
and Wulong sections, the Shuijiang section 
shows the standard polarity pattern of the Early 
Triassic sequences elsewhere, suggesting a lack of 
disruption of the stratigraphic section there. 

Africa 

The location of the Permian-Triassic boundary 
is not precisely known within the terrestrial 
Karoo Group strata, because there are two 
possible indicators of the extinction event. Verte- 
brate remains indicate a faunal change from the 
Permian Dicynodon to the dominantly Triassic 
Lystrosaurus,  but their ranges overlap (Smith 
1995). An abundance of fungal/algal remains is 
present in the Karoo Supergroup (Steiner et al. 
2003), and this horizon presents another bio- 
stratigraphic indicator of the Permian-Triassic 
boundary. Furthermore, although the magneto- 
stratigraphy of the Karoo Supergroup has been 
studied in several locations (Schwindt et al. 2003; 
de Kock & Kirschvink 2004; Ward et al. 2005), 
different conclusions have been reached. 
Schwindt et al. (2003) studied the magnetostrati- 
graphy throughout the Upper Permian and 
lowest Triassic strata at the locality in which the 
fungal horizon was found; only magnetizations 
strongly overprinted by Early Jurassic Karoo 
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igneous activity were observed. Much of the 
magnetization was either normal Jurassic polar- 
ity or multicomponent, unstable magnetization 
(Schwindt et al. 2003). The unstable multicom- 
ponent magnetization was commonly observed 
in green mudstone strata, which constitute most 
of the section; isotopic data (Tabor & Schwindt 
pers. comm.) suggest that the area may have been 
a swamp environment during deposition. The 
reducing geochemical environment within a 
swamp would explain the paucity of stable rema- 
nent magnetization in much of the strata, 
because of the dissolution of magnetic carriers 
under these conditions. Carbonate nodules also 
were collected in an attempt to locate the 
Permian-Triassic boundary by its delta-C ~3 
anomaly, but the nodules gave only a recent 
climatic signature. 

Subsequently, Ward et al. (2005) published 
a magnetostratigraphic interpretation for part 
of Schwindt et al.'s (2003) section, but without 
any supporting palaeomagnetic data. Column 9 
of Figure 1 is their interpretation of the magneto- 
stratigraphy; they indicated the relative positions 
of the change in vertebrate faunal change ('V' 
in column 9) and their interpretation of the loca- 
tion of Steiner et al.'s (2003) fungal horizon ('F' 
in column 9). These potential Permian-Triassic 
boundary markers do not coincide, therefore 
the Permian-Triassic boundary position in the 
Karoo strata still is not precisely known, 
although both potential Permian-Triassic 
boundary markers apparently lie within the 
lower portion of the Griesbachian normal polar- 
ity interval recognized globally. Based on the fact 
that the marine Permian-Triassic boundary indi- 
cator, the FAD of the conodont Hindeodus 
parvus, lies about one third of the distance above 
the base of the Griesbachian normal polarity 
interval, the fungal spike may most accurately 
represent the Permian-Triassic boundary in the 
Karoo Group. 

Early  Triassic polarity: summary  

Figure 1 suggests that Early Triassic geomagnetic 
polarity was slightly dominated by reversed 
polarity; normal polarity intervals occur within 
the more extensive reversed polarity and form a 
distinctive pattern, identifiable in most of the 
sections and providing good correlation among 
them. Four distinctive portions of the Early 
Triassic polarity pattern repeat in the global 
magnetostratigraphic sequences; these are high- 
lighted by different colours in Figure 1 and 
labelled according to the characteristic polarity 
of the interval and the substage that each 
occupies: 'Gries N', 'Diener R-N', 'Smith N', 

and 'Spath N'. Very latest Late Spathian time 
probably began in the 'Anis N 1' interval. 

Originally, the base of the Triassic was con- 
sidered to be the base of the Griesbachian 
Substage (Tozer 1967), but now, based on more 
refined conodont zonations, the lower portion 
(one third) of the Griesbachian Substage is 
thought to be Late Permian. The Griesbachian 
Substage of the Arctic stratotype contains 
normal polarity in its lower part (Ogg & Steiner 
1991), corresponding to the Gries N interval of 
Figure 1. Following this normal polarity interval, 
the Upper Griesbachian and Dienerian display a 
distinctive interval of reversed polarity punctu- 
ated by a number of shorter normal polarity 
intervals; this is the interval Diener R-N. Many 
of the sections display three to four relatively 
short normal polarity intervals, although other 
sequences suggest the possibility of more. Over- 
all, the Griesbachian and Dienerian Substages of 
Tozer (1967) are comprised of a normal interval 
overlain by a dominantly reversed interval in 
which three or more relatively short normal 
polarity periods are interspersed. In the strato- 
type sequence, the Smithian Substage is domi- 
nantly of normal polarity (Fig. 1: Smith N); 
Smith N begins near the base of the Smithian and 
persists for most of the duration of the Smithian. 
The Lower Smithian boundary of the stratotype 
section begins near the polarity boundary 
between Diener R-N and Smith N. A reversed 
polarity interval of relatively long duration 
existed during the Late Smithian through the 
early half of the Spathian. In the Mid-Spathian, 
the polarity changed to normal; the upper half of 
the Spathian is characterized by slightly shorter 
normal and reversed intervals. In the stratotype 
section, normal polarity resumes before the end 
of the Spathian. 

The Late and Middle Permian 

An even larger number of magnetostratigraphic 
sequences have been studied in Upper and 
Middle Permian strata (Fig. 2) than in Early 
Triassic beds. Chinese strata contain the Late 
Permian (Lopingian) global stratotype, whereas 
the Middle Permian (Guadalupian) stratotype is 
in the United States. Figure 2 includes, in addi- 
tion to the marine and terrestrial sedimentary 
sequences, the igneous sequences of the Siberian 
Traps and Emishan Basalt. 

In general, Permian magnetostratigraphic 
sequences do not agree well. However, most of 
the sedimentary sections show that a relatively 
short duration of reversed polarity characterized 
the very latest Changhsingian Stage, preceded 
by a longer duration interval of normal polarity. 
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A hiatus near the Permian-Triassic boundary is 
described or discussed in the section descriptions 
from the western Tethyan magnetostratigraphic 
investigations in Pakistan and Italy, but no 
allowance for a hiatus was made in the published 
polarity interpretation columns. In Figure 2, 
inferences of missing time have been added from 
the lithological descriptions and inferences from 
the magnetostratigraphy. 

Ch/na 

Five marine sections (Fig. 2, columns 3-6), one 
marginal marine (column 7), one terrestrial 
(column 2), and one basalt section (column 1) 
have been studied in China. One of the marine 
sections, the Liangfenya section, is not shown in 
Figure 2, because it is depicted in Figure 1 and 
has only minor data content and because of 
the space constraints of Figure 2. Most of the 
Chinese sections show that normal polarity 
prevailed in the lower Griesbachian Substage. 
Generally, Changhsingian-age beds indicate that 
a reversed polarity interval of relatively short 
duration preceded the Early Griesbachian 
normal polarity. Below this relatively short 
reversed interval, a considerably longer period 
of normal polarity commonly is observed. The 
oldest polarity signature in the marine Chinese 
sections is an even longer duration of reversed 
polarity, occupying the Wuchiapingian Stage 
(not formation). But, within this lengthy Wuchia- 
pingian reversed interval, the Linshui (Heller 
et al. 1995) and the Shangsi (Steiner et al. 1989) 
sections indicate the presence of another 
(shorter) normal polarity interval. In the GSSP 
Meishan section, a very brief reversed-polarity 
interval was observed (Liu et al. 1999; Zhu & Liu 
1999); this reversed polarity is not observed in 
any other Permian-Triassic sequence. Bachman 
& Kozur (2004) state that this interval of the 
Meishan section was restudied, and the reversed 
polarity was concluded to be an overprint 
(see Bachman & Kozur 2004, pers. comm. by 
Yin Hongfu to Kozur). 

The non-marine Taiyuan sequence (Embleton 
et al. 1996) has no firm age control, but is 
reported to lie conformably between Upper Car- 
boniferous to Lower Permian strata and Lower 
Triassic strata. Because the sequence is reported 
to contain no breaks in sedimentation, Embleton 
et al. (1996) approximated ages for it by assum- 
ing a uniform sedimentation rate. Their interpre- 
tation indicates that the earliest normal polarity 
stratigraphic horizons (U Shihezi Formation 
Member A) are in the earliest Middle Permian, 
essentially in the Roadian and approximately 
middle Wordian. However, the dominance of 

normal polarity in the lower and upper parts of 
this undated sequence most resembles the upper 
and lower normal polarity intervals observed 
globally in the Middle and Upper Permian. 
Therefore, in Figure 2, the Taiyuan section has 
been uniformly compressed in an attempt to 
make it fit the global pattern; the fit is not out- 
standing, suggesting that sedimentation rates 
were not constant. But, this representation of the 
approximate age of the Taiyuan section makes its 
polarity sequence agree moderately well with the 
global pattern. 

The magnetostratigraphy of the Emishan 
basalts is shown in Figure 2, column 1; the 
basalts exhibited a lengthy normal polarity inter- 
val succeeded by reversed polarity (Huang & 
Opdyke 1998; Fig. 2, column 1). The basalts 
lie disconformably on Maokou limestones 
(Capitanian-Kazanian age: Huang & Opdyke 
1998; Lo et al. 2002) and are overlain by the 
Changhsingian age Xuanwei Formation. Recent 
Ar4~ dating of the basalts indicated that they 
are 251-253 Ma (Lo et al. 2002). Lo et al. (2002) 
also argued that the proximity of the Emishan 
basalts to the Late Permian to Early Triassic 
marine strata of southern China was consistent 
with the Emishan extrusions being the source of 
the numerous tuffaceous beds in the southern 
China strata. However, U-Pb dating of a sill 
intruding the Emishan basalts gave a 259 Ma age 
for the intrusion, implying that the basalts are 
older than 259 Ma. The conflicting radiometric 
data make it difficult to correlate the Emishan 
basalt magnetostratigraphy with other Permian 
sequences. The basalts exhibit dominantly 
normal polarity, which could represent either 
the upper lengthy normal polarity interval of 
the Late Permian or the older normal polarity 
interval of the upper Middle Permian. The 
second correlation is shown in Figure 2 because 
of the possibly greater reliability of U-Pb 
radiochronometry. 

W e s t e r n  T e t h y s  

Two sections were studied in the Late Permian 
of Iran (Fig. 2, column 10a & b; Besse et al. 1998; 
Gallet et al. 2000). A Middle and Upper Permian 
section was studied in Pakistan (Fig. 2, column 9; 
Haag & Heller 1991). The Pakistan section sub- 
sequently has been dated in detail with conodont 
biostratigraphy (Wardlaw & Pogue 1995). In 
Italy, three localities in Permian strata have been 
investigated (Zeissl & Mauritsch 1991; Scholger 
et al. 2000), but only the Dolomites sequences 
(Scholger et al. 2000) gave reliable data (Fig. 2, 
column 8). 
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Both the Iranian and Pakistani sequences 
display reversed polarity in the uppermost 
Changhsingian, interrupted by a very short 
normal event (Fig. 2, columns 9, 10a & b). Both 
show that this triplet of R-N-R succeeded a 
lengthier normal polarity interval. In China, this 
normal polarity interval is within the Changhsin- 
gian Stage, but in Iran Krystyn dated it with 
conodonts (Gallet et al. 2000) as Dorashamian. 
Wardlaw & Pogue (1995) also identified 
sequence stratigraphical horizons indicating 
transgressions and regressions in this section; 
these sequence boundaries are shown by green 
lines in Figure 2, column 9. 

The two sections in the Italian Dolomites 
(Scholger et al. 2000) have already been dis- 
cussed; the results were differing magnetic 
polarity for the Tesero Horizon and the upper 
Bellerophon Formation from these sections 
located 8 km apart. The minimal exposure of the 
Permian Bellerophon Formation at the possibly 
more reliable Bulla section yielded 1.7 m of 
reversed polarity below the normal polarity 
of the Tesero Horizon (Fig. 2, column 8: T in 
yellow) and Mazzin Member of the lower Werfen 
Formation. This magnetostratigraphy is consis- 
tent with sections globally. The c. 16 m of upper 
Bellerophon strata sampled at the Siusi outcrop 
exhibit normal polarity, but with a direction 
slightly different from the overlying Werfen 
Formation normal polarity at this section. 
Column 8 of Figure 2 displays the Siusi 
Bellerophon results below those of Bulla (after 
scaling for an apparent difference in sedimentary 
accumulation between the two sections). The 
amount of reversed section sampled at Bulla is 
too little to represent the whole short reversed 
interval of the Late Permian that is indicated 
by most global magnetostratigraphic results, 
therefore, a hiatus was placed between the Bulla 
and Siusi Bellerophon results in column 8 of 
Figure 2. Erosion of the uppermost Bellerophon 
Formation at Siusi by the 'current event' 
(Dolomites-wide erosion event) discussed by 
Scholger et al. (2000) would explain the differ- 
ences in the Permian Bellerophon strata between 
the two localities and make the Dolomites results 
compatible with global Permian sections. 

N o r t h  A m e r i c a  

Two sequences of Late and Middle Permian 
strata in North America have been studied 
magnetostratigraphically, those in Texas-New 
Mexico (Fig. 2, column 13) and in Wyoming 
(Fig. 2, column 15). Both consist of terrestrial red 
beds interbedded with marine carbonates. 

In Texas, the uppermost Permian formation, 
the Quartermaster Formation (also widely 
known as the Dewey Lake Formation, a name 
proposed somewhat later), has been investigated. 
The formation is truncated everywhere by the 
Late Triassic Santa Rosa Formation, hence 
Quartermaster sections vary appreciably in 
thickness from one location to another. The 
thickest outcrop section known is that in 
Caprock Canyon State Park, studied in its lower 
part by Molina-Garza et al. (1989) and in its 
entirety by Steiner & Renne (1996). Molina- 
Garza et al. (1989) observed four polarity inter- 
vals in the lower 32 m. Steiner & Renne (1996) 
sampled the same section more densely every 0.1 
to 0.5 m throughout the entire 93 m; the results 
were largely normal polarity, but punctuated by 
three distinct, short reversed polarity intervals 
(Fig. 2, upper column 13). Two volcanic ash beds 
are present in the lower part of the Dewey Lake 
beds, separated by 20 m of fine-grained red sedi- 
ment. Preliminary 4~ dating gave ages of 
~250 Ma for each ash bed; however, the zircon 
populations show evidence of detrital contami- 
nation (Renne et al. 1996; Steiner & Renne 1996, 
1998; Steiner 2000; Steiner 2001a, b). A short 
section (22 m) in the middle part of the same 
sequence, but with only one ash bed, was 
sampled 120 km to the south, and the same 
magnetostratigraphy was observed (Steiner 
2001a, b). Beneath the Dewey Lake beds (4 m 
below the lower ash bed), lie frequently alternat- 
ing beds of anhydrite and red siltstone, locally 
called the Alibates Beds, forming the lower part 
of the Quartermaster Formation. The Alibates 
Beds exhibited entirely reversed polarity with the 
exception of a short normal polarity interval 
within the lower part of the reversed polarity 
(Steiner 2001a, b). 

In the subsurface of the sampling area, the 
Dewey Lake Formation overlies the Rustler For- 
mation. Much farther south (southeastern New 
Mexico), the Dewey Lake Formation overlies the 
Rustler Formation in outcrop. Molina-Garza 
et al. (2000) sampled the Dewey Lake beds and 
observed dominantly normal polarity with one 
short reversed polarity interval in approximately 
the middle of the normal polarity. No ash beds 
were observed by Molina-Garza et al. (2000). 

The underlying Rustler Formation consists 
of five members of alternating red beds and 
dolomite. The fourth member from the base, a 
12 m thick dolomite, was studied in five sections 
(Steiner 200 l a, b). The dolomite exhibited domi- 
nantly reversed polarity with a short normal 
interval in the upper part (Steiner 2001a, b). 
Palaeogeography of the Permian Basin during 
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the Late Permian consisted of the sea to the south 
and terrestrial environments to the north, west 
and east. Because both bedded anhydrite and 
dolomite require standing water from which to 
precipitate, it is probable that the interbedded 
anhydrite and red beds of the Alibates Beds 
below the Dewey Lake beds in northern Texas 
are the lateral equivalent of the interbedded dolo- 
mite and red beds of the Rustler Formation lying 
below the Dewey Lake in southwestern Texas- 
New Mexico. Both probably represent frequent 
marine incursions of the sea into the terrestrial 
depositional environment; that is, they probably 
represent deposition during approximately the 
same time period. Moreover, the same magneto- 
stratigraphic signature is displayed by both 
sets of strata underlying the Dewey Lake Forma- 
tion. The Alibates Beds and the upper Rustler 
Formation exhibit very similar magneto- 
stratigraphies: dominantly reversed polarity 
encompassing a short normal polarity interval. 
On these bases, Steiner (2001 a, b) concluded that 
the Alibates Beds and the Rustler Formation are 
likely to be lateral equivalents. 

Below the Rustler Formation lies the thick, 
laminated (varved?) anhydrite sequence of the 
Castile Formation. Strata below the Castile For- 
mation are the back-reef facies time equivalent 
of the reef and fore-reef facies that make up the 
global stratotype section for the Middle Permian. 
Reconnaissance sampling was conducted in the 
Castile evaporites and in the underlying back- 
reef facies formations: the Tansill, Yates, Seven 
Rivers, Queen and Grayburg formations, and the 
Cherry Canyon Member of the San Andres For- 
mation. Short intervals in each of the formations 
were studied to assess suitability for palaeo- 
magnetic investigation; much of the back-reef 
strata gave reliable palaeomagnetic results 
(Steiner, unpub, data). 

Much earlier, Peterson & Nairn (1971) had 
studied sites in the Middle and Late Permian 
of Oklahoma and Texas-New Mexico; they 
investigated sites in stratigraphical equivalents 
of the Quartermaster Formation, the Elk City 
and Cloud Chief formations, a site in the New 
Mexico Yates Formation, three sites in the Seven 
Rivers Formation, and sites in the Oklahoma ter- 
restrial equivalents of the San Andres Formation 
(Blaine, Flowerpot, Hennessey, and Wellington 
formations). Peterson & Nairn's (1971) study 
was only concerned with obtaining palaeopole 
positions; they did not sample for magneto- 
stratigraphy. Thus, they sampled only short 
stratigraphical intervals of one to several metres 
per site, and did not specify the stratigraphical 
locations of their sampling sites within the 

formations, nor the stratal thickness sampled. 
Nevertheless, their polarity results have been 
widely quoted in the search for the beginning 
of geomagnetic field reversals after the lengthy 
duration constant polarity of the Carboniferous- 
Permian. Both their results and those of Steiner 
(unpub. data) are displayed in column 13 of 
Figure 2, although the stratigraphic positions of 
Peterson & Nairn's (1971) polarity results are 
relatively arbitrary; column 13 displays Texas- 
New Mexico formation names on the left and 
Oklahoma names in italics on the right. 

Below the Rustler Formation, a single hand 
sample from the underlying Castile was investi- 
gated; surprisingly however, definite Permian 
reversed polarity was observed (Steiner, unpub. 
data). The Tansill Formation below was sampled 
almost in its entirety in a roadcut, but it was 
only weakly magnetized. Some suggestions of 
reversed polarity were observed, but at this local- 
ity, the formation appears to retain little of an 
original magnetic signature. The very top of the 
underlying Yates Formation, at the Yates/Tansill 
contact, exhibited definite normal polarity; a 
roadcut site in the middle of the formation was 
generally poorly magnetized, but a few samples 
displayed reversed polarity. Peterson & Nairn's 
(1971) single site in the Yates yielded normal 
polarity; the minimal outcrop description and 
the absence of coring holes at either of Steiner's 
sites suggests that Peterson and Nairn's locality 
was not the same location as the present author's 
Yates/Tansill contact site. Therefore, Peterson & 
Nairn's (1971) result is arbitrarily placed lower 
within the formation in Figure 2 (the lower 
normal polarity shown in the Yates Formation 
in column 13), although it could be almost 
anywhere in the formation. 

Peterson & Nairn (1971) and Steiner (unpub. 
data) both sampled the Seven Rivers Formation. 
Steiner (unpub. data) sampled two duplicate 
short stratigraphical sections (4.5 m) about 6 m 
above the base of the formation in a roadcut; 
these exhibited a magnetostratigraphy of 1.6 m 
of normal polarity, overlain by 3 m of reversed 
polarity. Peterson & Nairn (1971) sampled three 
sites at one locality in the Seven Rivers Forma- 
tion and obtained only reversed polarity; their 
result is represented by the lower Seven Rivers 
reversed polarity in Figure2, which again, 
could be stratigraphically anywhere within the 
formation. 

The uppermost Queen Formation, at its 
contact with the Seven Rivers Formation, dis- 
plays reversed polarity magnetization over 3 m 
(Steiner, unpub, data). A continuous exposure, 
consisting in part of roadcuts, exposes the lowest 
Queen Formation through the upper half of the 
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Grayburg formations. The lowermost Queen 
Formation, at its contact with the underlying 
Grayburg Formation, contains a reversed to 
normal polarity sequence. The uppermost part 
of the Grayburg Formation is a light grey lime- 
stone/dolomite and is surprisingly well magne- 
tized (Steiner, unpub, data); the upper 18 m 
display reversed polarity. The lower part of 
the Grayburg Formation, overlying the Cherry 
Canyon Sandstone Member of the San Andres 
Formation, is exposed on a hill slope. The 
Grayburg beds have a yellowish hue on the 
natural outcrop; the lowest 21 m generally exhib- 
ited relatively poor magnetization. However, 
a number of samples indicate the presence of a 
low-inclination normal polarity magnetization; 
because of the poorer quality of the magnetiza- 
tion, it cannot be certain whether this normal 
polarity dates from deposition without further 
investigation. Therefore, the normal polarity 
observation is shown as half bars of polarity 
among the diagonal-ruled pattern indicating 
poor data in column 13 (Fig. 2). The directly 
underlying Cherry Canyon Member of the 
San Andres Formation yielded indecipherable 
data throughout -19 m (Steiner, unpub, data). 
However, Peterson & Nairn (1971) sampled 
San Andres-equivalent terrestrial strata in Okla- 
homa; their sites in the Blaine, Flowerpot, 
Hennessey, and Wellington formations yielded 
only reversed polarity (Fig. 2, column 13). Fur- 
thermore, magnetostratigraphic sequences of 
many tens of metres at both the top and bottom 
of the several hundred metres thick Blaine 
Formation of western Texas also recorded only 
reversed polarity (Steiner, unpub, data). 

The Wyoming Permian-Triassic sequence has 
been studied in magnetostratigraphic recon- 
naissance from the lowermost Triassic down 
through 75 m of Permian strata; the investigation 
was conducted 48 km west of Laramie, Wyo- 
ming, as part of several palaeomagnetic class 
projects. In western Wyoming, the Permian 
section consists of limestones, shales, and cherts 
deposited in the Phosphoria seaway that covered 
western Wyoming, Idaho, Montana, and Utah in 
the Middle and Late Permian, the result of which 
was the deposition of the Phosphoria Group. 
Much of Wyoming east of the sea was a broad 
flat region on which red-bed deposition took 
place, but which was occasionally was invaded by 
marine waters, creating a stratal succession of 
intertonguing red beds and marine carbonates 
and gypsum: the Goose Egg Formation. Cono- 
donts and gastropods in the marine Phosphoria 
Formation indicate an age of Middle Permian, 
Roadian through earliest Capitanian (Wardlaw 

& Collinson 1986). The highest Phosphoria beds 
are overlain by marine shale of the Griesbachian 
Dinwoody Formation. Hence, a gap must exist in 
western Wyoming between the lower Capitanian 
uppermost Phosphoria (Wardlaw & Collinson 
1986) and the Griesbachian Dinwoody beds 
(Paull & Paull 1986). 

Eastward in the dominantly terrestrial strata, 
no indication of a physical break can be found 
between the Goose Egg and overlying Triassic 
Red Peak formations, and the Permian-Triassic 
boundary cannot be identified in this area, in 
either surface exposures or subsurface data. In 
fact, a thesis was aimed specifically at locating 
the Permian-Triassic boundary in these strata, 
by measuring gamma ray stratigraphy on out- 
crop and correlating the results with the gamma 
ray logs of subsurface wells (Renner 1988; 
Renner & Boyd 1988). Renner was unable to find 
any evidence of a depositional break, and he con- 
cluded that no significant break in sedimentation 
existed, but that possibly extensive deposition 
of loess, perhaps containing a number of small 
breaks in sedimentation, might explain the 
apparent continuity. 

The largely Permian Goose Egg Formation 
and lowermost part of the Triassic Red Peak 
Formation were sampled magnetostratigraphi- 
cally at Renner's (1988) Red Mountain section 
in southeastern Wyoming. Approximately 80 m 
of stratigraphic section have been sampled in 
part, from the top of the locally named 'Blaine 
Gypsum' into the lower beds of the Red Peak 
Formation. Red-bed strata and three carbonate 
members were sampled, all of which gave clearly 
defined magnetic data and unambiguous polarity 
interpretations; the summary of these data is 
shown in column 15 of Figure 2. Although the 
magnetic stability was excellent, the ages of these 
strata are embarrassingly poorly known. The age 
of the Goose Egg Formation had been assigned 
by lateral tracing of the carbonate tongues into 
the main body of the Phosphoria Formation. 
(e.g. Thomas 1934). However, outcrop exposures 
between that wholly marine province and that 
of dominantly terrestrial deposition are not 
continuous; therefore, the exact connections are 
not well established and, in some cases, have been 
much debated (Boyd & Maughan 1973). It was 
hoped that the magnetostratigraphic results 
would help to remove some of the age uncertain- 
ties, by allowing magnetic correlation of the 
Goose Egg strata to better-dated Permian strata. 

At the sampling locality, the c. 6 m of lower- 
most Red Peak Formation red beds displayed 
normal polarity, and they rest directly on gypsum 
at the top of the Little Medicine Member of 
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the Goose Egg Formation; c. 2 m of gypsum 
overlying c. 2 m of dolomite constitute the Little 
Medicine Member. The dolomites exhibit 
reversed polarity. The age of the Little Medicine 
Member has been argued to be Late Griesba- 
chian from lateral tracing into the top of the 
Dinwoody Formation of western Wyoming 
(Thomas 1934). However, subsequently it has 
been argued (Paull & Paull 1990) that the Little 
Medicine Member is not physically continuous 
with the Dinwoody strata. The Little Medicine 
Member has no fauna, so its age really is not 
known, only hypothesized. Beneath its dolomite 
lie fine-grained red beds of the Freezeout 
Member. 

The Freezeout red beds also have no age 
control. They exhibited well-defined normal 
polarity in the portion sampled. Interbedded 
dolomite, gypsum and red beds of the Ervay 
Member underlie the Freezeout Member; the 
Ervay dolomites can be traced laterally into the 
Ervay Member of the marine Park City Forma- 
tion. The Ervay Member forms the top of the 
Park City Formation, and therefore the top of 
the Permian in western Wyoming. The Ervay 
Member is directly overlain by the Griesbachian 
Dinwoody Formation. Wardlaw & Collinson 
(1986) found that the highest Ervay beds of the 
Park City Formation contain conodonts of late 
Wordian to early Capitanian age; however, 
Henderson & Mei (2000) reviewed provinciality 
in conodont identifications and questioned the 
identification of certain conodonts in the upper 
Ervay strata, suggesting that these beds may be 
as young as Lopingian. In a later publication, 
Wardlaw (2003) stated that those conodonts are 
late Wordian. 

The Ervay Member exhibits largely reversed- 
polarity magnetization, but changes to normal 
polarity in its lowest portion. The normal polar- 
ity continues in the underlying fine-grained Diffi- 
culty Member red beds. Below the Difficulty 
red beds, another marine tongue, the Forelle 
Member, gave reversed polarity for the portion 
sampled; the Forelle Member is traced into 
Wordian strata of the Park City Formation. 
The underlying Glendo Member red beds were 
sampled in their middle portion, and these dis- 
played normal polarity overlain by reversed 
polarity. The base of the Glendo Member was 
also sampled, down to the top of a 20-m-thick 
gypsum deposit, the local 'Blaine Gypsum'. 
Whether this gypsum correlates to the type 
Blaine gypsum of Oklahoma and Texas has not 
been established, but it does occur at approxi- 
mately the same stratigraphical position in the 
Wyoming sequence as the Blaine Formation in 
the Texas and Oklahoma sequences. Moreover, 
comparison of the magnetostratigraphic results 

from the entire Wyoming section between the 
Blaine gypsum and the Red Peak red beds with 
the global results appears to suggest that the 
Wyoming Blaine gypsum is correlative with the 
Texas-Oklahoma Blaine Formation. 

The magnetostratigraphy of the succession 
exposed in southeastern Wyoming is combined 
with the composite of entire Early Triassic Red 
Peak Formation from its contact with the 
Dinwoody Formation of western Wyoming to 
the Alcova Limestone in column 15 of Figure 2; 
the juncture between the western and south- 
eastern Wyoming sections is marked with an 
unsampled interval by a '?', because the exact 
correlation has not been studied. The incomplete 
magnetostratigraphic results from the south- 
eastern Wyoming Permian section display three 
prominent normal polarity intervals between the 
base of the Red Peak Formation there and the 
top of the gypsum. Despite the poor age control, 
these normal polarity intervals are located in 
positions similar to, and with similar thicknesses 
(possibly indicating comparable durations), to 
the normal polarity intervals observed in the 
global collection of Middle and Late Permian 
sequences of Figure 2. 

The positions of these normal polarity inter- 
vals below the Red Peak Formation suggest that 
the Little Medicine and Freezeout members of 
the Goose Egg Formation of southeastern Wyo- 
ming are Late Permian in age, and not Early 
Triassic as has been supposed. The correlation 
suggests that the Little Medicine Member repre- 
sents the uppermost Changhsingian in Wyo- 
ming, and the Freezeout Member represents 
the lower Changhsingian. Other correlations 
between the Wyoming Permian and Triassic 
composite and the global results, based on the 
locations of these normal polarity intervals, have 
been tested, but that shown in Figure 2 provides 
the best fit of the magnetostratigraphy and the 
limited biostratigraphy. However, the biostratig- 
raphy of the upper portion is significantly at 
odds with the global data, and may suggest 
that Henderson & Mei's (2000) conodont identi- 
fications are correct. The field of conodont 
identification has undergone much revision since 
1986. If the magnetostratigraphic correlation 
is correct, the polarity sequence certainly 
permits the possibility of relative continuity of 
deposition across the Permian-Triassic bound- 
ary in southeastern Wyoming that Renner (1988) 
concluded. 

Russia and Transcaucasia 

An extremely large number of Upper Permian 
magnetostratigraphic sections have been studied 
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in Russia, largely in terrestrial red-bed sequences; 
five representative magnetostratigraphies col- 
umns are shown in Figure 2 (columns 16-20). 
Khramov has studied the Permian and Triassic 
magnetostratigraphy of Russia since 1960; his 
most recent summary (Khramov 1987) is shown 
in column 18 of Figure 2. Molostovsky (1983) 
has studied the eastern Russian Platform mag- 
netostratigraphy extensively; his figure 20 is 
reproduced in column 16 of Figure 2 (beneath 
the summary of the Early Triassic by Lozovsky 
& Molostovsky 1993). Molostovsky's (1983) 
figure 20 is illustrated instead of his summary 
figure representing all of his studies of the Upper 
Permian, in order to show the fine-scale polarity 
details he observed in that sequence. These 
details are eliminated from his summary, but 
display the same fine-scale polarity details 
observed globally. 

On Novaya Zemlya, Gurevich & Slautsitays 
(1985) investigated a sequence of strata that 
consists of grey marine clastics grading upward 
into variegated clastic rocks and into terrestrial 
red beds, without an observable break in deposi- 
tion. Tufts occur in the base of the variegated 
deposits and comparison of the magnetostrati- 
graphy (Fig. 2, column 17) to global sequences 
suggests that the Permian-Triassic boundary lies 
at the base of the variegated deposits with their 
tuffaceous content. 

The type Tatarian is a terrestrial section origi- 
nally investigated by Khramov (1963). Recently, 
a portion of this sequence was restudied by 
Gialanella et al. (1997). The result of all investi- 
gations is displayed in column 20 of Figure 2. 
The lithologic subdivisions of the Tatarian are 
indicated by Roman numerals on the right side of 
the age column. 

Kotylar et al. (1984) studied a marine 
sequence in Transcaucasia, the stratotype region 
for the Dorashamian and Dzhulfian, and at 
the location of the type Midian; the results are 
shown in column 19 of Figure 2. An identical 
magnetostratigraphy was published by Zak- 
harov & Sokarev (1991), with the exception that 
the normal interval designated as basal Triassic 
in Kotylar et al.'s (1984) magnetostratigraphy is 
shown as uppermost Dorashamian. The Trans- 
caucasian sequence displays normal polarity low 
in the Middle Permian, like the North American 
sequences. 

Central  European Basin 

The Rotliegend and Zechstein formations have 
been studied in Germany (Menning 1986, 1988) 
and in Poland (Nawrocki 1997). Fairly similar 
results were obtained by both studies (Fig. 2, 

columns 26 & 27). The frequent reversals 
observed by Menning (1980, 1988) in the upper- 
most Rotliegend, although incomplete, are simi- 
lar to the short reversed intervals observed in 
Iran and western. Texas within the lengthy 
Changhsingian normal polarity interval (Fig. 2, 
columns 10 & 13). This correlation is suggested in 
Figure 2, but the uncertainty of its validity is indi- 
cated by numerous question marks. The limited 
magnetostratigraphic data do not allow a defi- 
nite correlation of the Zechstein strata to the rest 
of the world. However, in the underlying upper 
Rotliegend beds, the Capitanian normal polarity 
interval appears to be well represented in both 
sequences. Neither sequence displayed any 
normal polarity below the Capitanian normal 
interval, normal polarity that would be cor- 
relative with that observed in a few Wordian- 
equivalent strata of other sequences. However, 
its absence might be due to a hiatus between 
the upper and lower Rotliegend strata, as 
hypothesized by Nawrocki (1997). 

Permian polarity." s u m m a r y  

Just prior to the Permian-Triassic massive 
extinctions, the latest Permian exhibits a distinc- 
tive polarity pattern: a short duration R-N-R. 
The uppermost Changhsingian strata of a 
number of magnetostratigraphic sequences 
exhibit this observed pattern, including the 
reliable and biostratigraphically well-dated Iran 
and Pakistan sections, as well as the Russian 
Platform sequences, including the type Tatarian 
section, and the German sequence (Fig. 2, 
columns 9, 10a & b, 16, 20 & 25). Other sections 
(Shangsi, Wulong, Meishan and Poland) also 
appear to display this polarity structure, 
although possibly compromised by either poor 
magnetic recording or inadequately-detailed 
sampling. 

Most of the Middle and Upper Permian 
sequences exhibit three prominent normal polar- 
ity intervals: the Permo-Triassic 'Gries N', the 
Late Permian 'Chang N' and the Middle Permian 
'Capitan N' (Fig. 2). The recognition of this 
common polarity sequence provides important 
correlation markers for the Middle and Late Per- 
mian. In addition, five shorter duration polarity 
intervals appear recurrently among the various 
sequences and, when recognized, provide poten- 
tial for fine-scale correlations. These are high- 
lighted by coloured lines in Figure 2 and labelled 
in decreasing age as 'PI '  - 'P5'. P5 is the short 
normal interval already discussed in the latest 
Changhsingian R-N-R sequence. The relatively 
long duration normal polarity interval, Chang N, 
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immediately precedes the distinctive Changh- 
singian R-N-R interval; Chang N is observed in 
every Late Permian sequence. Within Chang N, 
the triplet of brief reversed-polarity intervals 
recorded in the Iranian and Texas sequences con- 
stitutes P4. Linshui may also preserve this triplet 
(Fig. 2, column 3), but many sequences display 
only one of two of these short reversed-polarity 
intervals. P3, a short normal interval in the 
Lopingian reversed polarity preceding Chang N, 
is observed in only a few sequences: Pakistan, 
Texas, Wyoming, and Germany. P2 is a brief 
reversed-polarity interval within Capitan N. P1 is 
a short normal polarity interval documented in 
4-6 sections (Fig. 2). 

The oldest normal polarity observed is in 
the Wordian. 'Word N' occurs in the Queen 
Formation (possibly also in the Grayburg 
Formation) of the Texas-New Mexico section, in 
the Russian Transcausian section, and in the 
North American Wyoming Goose Egg Forma- 
tion; all three sections clearly exhibit a relatively 
short duration interval of normal polarity. 
Therefore, the oldest normal polarity lies very 
low in the Middle Permian, approximately in the 
middle to upper part of the Wordian Stage. This 
interval constitutes the earliest normal polarity 
of the geomagnetic field and terminates the ~ 50 
million years of constant polarity of the Carbon- 
iferous and Early Permian Kiaman Reversed 
Polarity Superchron. Therefore, it presently 
appears that the 'Illawarra reversals' began in the 
middle-upper Wordian Stage. 

The oldest normal polarity, the initiation 
of the Illawarra reversals, previously had been 
argued to occur in the early Capitanian 
(Menning & Jin 1998). However, no magneto- 
stratigraphic data have ever been published 
from the Guadalupian global stratotype. The 
stratotype beds (the United States Permian Basin 
strata) have been heavily oil saturated, which 
consequently dissolved the magnetic carriers 
(Steiner, unpub, data); therefore, the Guadalu- 
pian stratotype is unlikely to ever yield a detailed 
magnetostratigraphic sequence. However, the 
strata deposited behind the reef, the backreef 
facies, have yielded good palaeomagnetic data 
(Peterson & Nairn 1971). 

Menning & Jin (1998) based their conclusion 
that the Illawarra reversals began in the Capi- 
tanian on Peterson & Nairn's (1971) observation 
of normal polarity in the backreef Yates Forma- 
tion and no normal polarity in any older strata. 
Correlation of the backreef strata with the 
biostratigraphically dated reef and forereef strata 
(Glenister et al. 1992) suggests that the age of the 
Yates Formation is probably Middle Capitanian. 
As discussed earlier, Peterson & Nairn (1971) 
did no magnetostratigraphy, only limited site 

sampling (commonly one site per formation) and 
their sites spanned a limited stratigraphic thick- 
nesses (<1 to 4m). Peterson & Nairn (1971) 
sampled the Yates Formation at only one site. 
Consequently, the normal polarity they observed 
probably represents several metres or less from 
an unspecified stratigraphical location within 
a 130-m-thick formation. Therefore, the age of 
Peterson & Nairn's (1971) Yates normal polarity 
is constrained only as some level within the 
middle Capitanian Stage. Moreover, despite the 
fact that Peterson & Nairn's (1971) three sites in 
the underlying Seven Rivers Formation yielded 
only reversed polarity, a single site from very low 
in the formation yielded 1.6 m of normal polarity 
succeeded by 3 m of reversed polarity (Steiner, 
unpub, data). 

Age of the Siberian flood basalts 

Many investigators have concluded or specu- 
lated that the Siberian igneous activity caused the 
end-Permian mass extinction (recently summa- 
rized by Kamo et al. 2003). Magnetostratigraphy 
of the Siberian basalts has been published 
from four widely spaced areas (Lind et aL 1994; 
Gurevich et al. 1995; Fedorenko & Czamanske 
1997; Westphal et al. 1998), but the results do 
not agree well at all (see Westphal et al. 1998). 
The polarity data were correlated with the upper- 
most Permian and early Early Triassic (Westphal 
et al. 1998). However, the present compilation 
and summary of global Late Permian and Early 
Triassic magnetostratigraphic data (Figs 1 & 2) 
suggests a better correlation of Siberian flood 
basalt magnetostratigraphic results, and con- 
sequently significantly different ages for the 
igneous activity. 

Early ~Ar/39Ar results suggested an earliest 
Triassic age for the Siberian basalts (see Kamo 
et al. 1996 for tabulation of all Siberian radio- 
metric data). In an early magnetostratigraphic 
assessment, Lind et aL (1994) correlated the basal 
reversed interval in their study of the Siberian 
igneous rocks with the youngest reversed interval 
in the Permian (Fig. 2, column 3). The most 
recent magnetostratigraphic study (Westphal 
et al. 1998) followed this scheme in correlating 
the results of all four studies among themselves 
and to the Early Triassic polarity sequence 
(Fig. 3, lower right). Westphal et al.'s (1998) 
correlation also preserved relative section thick- 
nesses, whereas this constraint was relaxed 
somewhat in creating the new magnetostrati- 
graphic correlation, because it is not reasonable 
to expect that the same rates of extrusion will 
occur in all parts of a volcanic field, and 
especially in one this large. 
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Fig. 3. The revised correlation of the magnetostratigraphy of the Siberian igneous episode and the Late and 
Middle Permian and Early Triassic magnetic polarity time scale derived by this study. The earlier 
magnetostratigraphic correlation of Westphal et al. (1998) is shown in the lower right. U-Pb radiometric ages 
(Kamo et al. 2003) for the igneous rocks are approximately in the stratigraphic positions indicated by Kamo et al. 
U-Pb dates determined for the Permian-Triassic boundary are on the right (Bowring et al. 1998; Mundil et al. 
2004). Siberian magnetostratigraphy credits are listed in Figure 2. Normal (reversed) polarity is black (white); 
unsampled section indicated by diagonal lines. 

The new magnetostratigraphic correlation is 
based on several characteristics of the Siberian 
igneous rocks that can be recognized as similar 
to features in the global Permian-Triassic mag- 
netostratigraphic summary (Fig. 3, left side). 
Although the four studies were displayed in 
Figure 2 (columns 21-24), their characteristics 
are more clearly visible at the larger scale of 
Figure 3. In Westphal e t  a l . ' s  (1998) correlation, 
the relationship of the SG6 sequence to the 
other sequences was considered problematic. 
As observed by Westphal e t  al. (1998), the SG6 

sequence strongly resembles the Induan polarity 
sequence; however, the Taimyr and Noril 'sk 
sections certainly do not. 

One significant characteristic of the Siberian 
magnetostratigraphy is the record, in both the 
Taimyr and Noril 'sk sections, of a very short 
normal polarity interval embedded within 
slightly longer duration, but also short, reversed 
polarity (Fig. 3, bold arrows). This signature is 
strikingly similar to that preserved in uppermost 
Changhsingian magnetostratigraphic sections, 
the interval 'P5' (Fig. 2). A second Siberian basalt 
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characteristic is the lengthy normal polarity 
interval below this short R-N-R sequence in the 
Taimyr and Noril'sk sections. No lengthy normal 
polarity periods like that occur in the Induan 
(Fig. 1), but a relatively long duration normal 
polarity interval is widely observed in the Late 
Permian (Chang N, Fig. 2). 

Once the concept is considered that the four 
Siberian Trap magnetostratigraphic sections 
may not represent the exact same time interval 
(and indeed, their magnetostratigraphy suggests 
that they do not), the correlation shown in Figure 
3 becomes the more probable. The two character- 
istics in the Taimyr and Noril'sk sections, of a 
short R-N-R succeeding a lengthy normal polar- 
ity interval, suggest that these sections are Late 
Changhsingian in age. The SG6 sequence is prob- 
ably Induan, but could also represent extrusion 
spanning the Induan-Olenkian boundary. The 
Maimecha-Kotuy (M.-Kotuy) polarity sequence 
resembles the lower Induan (Griesbachian), par- 
ticularly if either a hiatus or increased extrusion 
volume is responsible for the absence of the 
short normal polarity interval of the upper 
Griesbachian. However, the non-distinctive 
M.-Kotuy polarity sequence also resembles other 
parts of the time scale; the enormous thickness 
of reversed polarity displayed at M.-Kotuy 
(Gurevich et al. 1995) could suggest that the age 
of this sequence is early Lopingian. The detailed 
U-Pb dating of Kamo et al. (1996) at M.-Kotuy 
suggests that the lower Induan correlation is 
most probable, despite the current uncertainty 
in U-Pb dates recently demonstrated by Mundil 
et al. (2004). 

This revised magnetostratigraphic correlation 
of the Siberian igneous rocks has enormous sig- 
nificance, in that it indicates that the Siberian 
flood basalt volcanism did not occur simply 
at the time of the mass extinction, but was ongo- 
ing in the Late Permian, that it spanned the 
Permian-Triassic boundary, and that it contin- 
ued into the Early Triassic. The magnetostra- 
tigraphy of the Siberian flood basalts in Figure 3 
suggests that the Siberian volcanism began in the 
late Guadalupian. Palaeontologists have long 
emphasized dual late Permian extinctions, one at 
the end of the Guadalupian and a second at the 
end of the Permian (see review by Erwin et al. 
2002); it is possible that the Siberian volcanism 
also caused the end-Guadalupian extinctions, 
although the Emishan flood basalt volcanism 
may also have been active at similar times. Per- 
haps two separate pulses of Siberian volcanism 
caused the two separate mass extinctions, but 
with an appreciably larger eruption at the end 
of the Permian. The complication of Emishan 
volcanism erupting at similar times, and the 

presently sparse radiometric data, make it diffi- 
cult to determine which was responsible or more 
responsible for the extinction events. The fact 
that both erupted in a similar time frame 
certainly affected the biosphere more than the 
Siberian activity alone; if the Emishan eruptions 
preceded those of Siberia, the Siberian flood 
basalt activity added environmental stress to an 
already stressed biosphere. Moreover, because 
the SG6 magnetostratigraphy indicates that 
volcanic extrusion continued through the early 
Early Triassic, the Siberian volcanism may also 
have been responsible for the slow Early Triassic 
faunal and floral recovery. 

The magnetostratigraphy of the Siberian 
flood basalts indicates that the volcanism was not 
short-lived. Approximately eight geomagnetic 
field polarity intervals (ignoring the two short 
events) are observed. By the fast reversal rates of 
the late Tertiary, the magnetostratigraphically 
sampled part of the Siberian igneous rocks might 
represent -1 Ma, but early Tertiary rates would 
imply 8 Ma. Comparison with the sparsely dated 
Permian-Triassic time scale indicates that the 
Siberian magnetostratigraphy represents -9 Ma. 
Furthermore, geomagnetic field behaviour after 
constant polarity periods displays lengthy polar- 
ity intervals initially: the Late Cretaceous was 
characterized by polarity intervals of 4-6 Ma 
for the first c. 11 Ma after reversals resumed, 
succeeded by shorter polarity intervals of 1-2 Ma 
during the latest Cretaceous and early Tertiary 
and shorter still in the late Tertiary (c. 250 000 
years). The Middle and Late Permian polarity 
intervals are 4 to 2 Ma, white the Early Triassic 
intervals are appreciably shorter. 

The entire time spanned by the Siberian flood 
basalts may not yet have been sampled magne- 
tostratigraphically; thus the estimated 8-9 Ma 
duration may be a minimum. Nevertheless, this 
magnetostratigraphic correlation of the Siberian 
rocks demonstrates that the eruptions of this 
greatest of flood basalt volcanism on Earth 
entirely overlaps in time with the greatest of mass 
extinctions. Therefore, Siberian basalt magneto- 
stratigraphy strongly indicates that this massive 
flood basalt volcanism was causally related to the 
Permian-Triassic boundary mass extinctions. 
The prolonged volcanism probably was respon- 
sible for the biotic decline in the late Middle and 
Late Permian, probably by continual injection of 
excessive fluxes of carbon dioxide and hydrogen 
sulphide into the atmosphere. 

The exact mechanism(s) by which the 
immense flood basalt volcanism affected the 
biosphere and produced mass death is beyond 
the scope of this investigation, but has recently 
been considered by others (e.g. Knoll et al. 1996; 
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Kump et al. 2005). In addition to periods of 
blocked sunlight due to dust and aerosols 
injected into the atmosphere and resulting tem- 
perature declines (volcanic winters), the excessive 
carbon dioxide delivered into the atmosphere 
could subsequently cause greenhouse conditions 
and overheating. Heating may have reached the 
point of warming the ocean waters to the extent 
that clathrates melted and released additional 
large quantities of carbon dioxide into the 
atmosphere. Finally, massive volcanic eruptions 
would inject lethal fluxes of hydrogen sulphide 
into the atmosphere, destined to return to the 
Earth's surface as acid rain. The fact that two 
large igneous provinces (Siberian and Emishan) 
operated partially at the same time and partially 
sequentially doubles the volcanic environmental 
devastation surrounding the time of the greatest 
of mass extinctions. 

Conclusions 

The Early Triassic is characterized by four dis- 
tinctive polarity intervals: Gries N, Diener R-N, 
Smith N and Spath N. The Upper and Middle 
Permian are characterized by two relatively 
longer duration normal intervals, Chang N and 
Capitan N, which are separated by two lengthy 
reversed-polarity intervals. Distinctive features 
of the Permian geomagnetic polarity time scale 
include a distinctive series of short reversed- 
normal-reversed polarity intervals in the upper- 
most Changhsingian and the earliest normal 
polarity in the Permian occurring in the Wordian 
Stage. The end of the 50 Ma of constant polarity 
in the Carboniferous-Permian is documented by 
three sequences as ending in the middle to late 
Wordian. 

Correlations among the magnetostratigraphy 
of the large Siberian igneous province and with 
the composite Permian-Triassic magnetic polar- 
ity time scale developed in this study indicate that 
the Siberian volcanic activity not only spanned 
the Permian-Triassic boundary, but also began 
long before the end-Permian mass extinction and 
continued well into the Early Triassic. A total of 
at least eight polarity intervals are observed, sug- 
gesting that the duration of the volcanic activity 
may have been _+ 9 Ma. The Siberian magneto- 
stratigraphic record suggests that volcanism 
began in the late Guadalupian and continued 
through the early half of the Induan. The age 
of the volcanism inferred from the magnetic 
polarity strongly suggests that the effects of the 
voluminous volcanic activity (carbon dioxide, 
hydrogen sulphide, etc.) disturbed the biosphere 
sufficiently to degrade the environment and to 
cause the mass extinctions. Magnetostratigraphy 

indicates that Siberian volcanism may have 
overlapped the latter stages of Emishan flood 
volcanism. Their essentially sequential activity 
must have delivered a one-two (or double) punch 
to the environment, and hence to the biosphere. 
Their close relationship in time leaves no doubt 
that the greatest extinction of advanced life on 
Earth was caused by abnormal volcanic activity. 

This study also demonstrates that a magneto- 
stratigraphy can be developed for the Guadalu- 
pian global stratotype sequence, despite the 
oil-saturated nature of the stratotype rocks. 
The extensive passage of oil through the reef and 
forereef facies, and the consequent dissolution 
of magnetic carriers, prohibits development 
of a magnetostratigraphy directly from the 
Guadalupian stratotype strata, thus excluding 
the stratotype beds from ever yielding a 
magnetostratigraphy to complement its excellent 
biostratigraphy. However, reconnaissance 
magnetostratigraphy of the backreef strata 
marginal to the reef-forereef stratotype rocks 
indicates good preservation of magnetization 
in many formations. Through correlations estab- 
lished between the backreef and reef-forereef 
strata, a magnetostratigraphic sequence could 
be determined for the Guadalupian stratotype, 
thus facilitating a more precise correlation of 
its fauna to other faunas globally. Therefore, 
the backreef strata should be investigated with 
detailed magnetostratigraphy. 

The magnetostratigraphic summaries of 
this study also indicate that the southwestern 
North American Ochoan time period is not as 
short a time as has been hypothesized. Ochoan 
magnetostratigraphy duplicates much of the 
global Lopingian polarity sequence, therefore 
its duration is equivalent to nearly all of the 
Lopingian. 

The intertonguing terrestrial-marine Permo- 
Triassic sequence in southeastern Wyoming 
may represent largely continuous sedimentation 
across the Permian-Triassic boundary. The 
uppermost Permian of this area probably is 
represented by the upper two members of the 
Goose Egg Formation (Little Medicine and the 
Freezeout Shale members). The magnetostrati- 
graphic record obtained from the entire, poorly 
dated Wyoming Middle and Late Permian to 
Early Triassic strata (Goose Egg and Red Peak 
formations) matches the global time scale if the 
upper two members of the Goose Egg Formation 
are Upper Permian (Changhsingian), not earliest 
Triassic, as has been speculated for almost a 
century. Also, the 'Blaine Gypsum' of south- 
eastern Wyoming occurs at the same magne- 
tostratigraphic and stratigraphical position 
as the Blaine Formation of Texas-Oklahoma, 
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supporting long-time local speculation that this 
relatively thick gypsum deposit is approximately 
age equivalent to the Blaine Formation. 

This work owes its existence to S. Lucas, who requested 
it and continually encouraged me when the task became 
overwhelming, as it frequently did. The very con- 
scientious, constructive and detailed reviews by K. 
Ziegler and H. KGzur greatly improved the quality of 
the manuscript and I sincerely and earnestly thank 
them. The study was supported by the Geology and 
Geophysics Department of the University of Wyoming. 
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