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In the 1987 palaeomagnetic study of the Kupferschiefer ore de pos its in Po land by Jowett, Pearce, and Rydzewski, the re -
versed palaeomagnetic pole ob tained for the ore-stage Rote Fäule ox ide zone of 49.0°N, 157.2°E cor re sponded to a mid-Tri -
as sic age on the ap par ent po lar wan der path (APWP) cal cu lated from con tem po rary da ta bases. A late diagenetic or i gin for
the Rote Fäule ox ide zone, and thus the eco nomic sulphides, was sup ported by geo log i cal ev i dence and by sub se quent dat -
ing meth ods of palaeomagnetism, sulphides, and clays. In re sponse to these re sults be ing chal lenged in a 2011 crit i cal anal -
y sis, up dated ev i dence from palaeomagnetic lab o ra to ries in Kiev and Utrecht/Milano showed that the 1987 Rote Fäule
palaeopole lies di rectly on the new est APWPs. How ever, its ac tual age de pends on ap ply ing ‘in cli na tion shallowing cor rec -
tions’ to the palaeopole and to the APWP. Al though ac cu rate shallowing cor rec tions can not be cal cu lated ret ro ac tively, the
cor rected Rote Fäule palaeopole matches a Tri as sic age on cor rected APWPs, just as the un cor rected pole does on the un -
cor rected 1987 APWP. The Rote Fäule palaeopole also closely matches palaeopoles from the Tri as sic Buntsandstein rocks
in sub se quent stud ies in Ger many and Po land, sup port ing an ore gen e sis tim ing of Tri as sic or later.

Key words: Kupferschiefer, APWP, ore de pos its, ox i da tion-re duc tion front, palaeomagnetic dat ing, in cli na tion shallowing,
Tri as sic rift ing.

INTRODUCTION

A crit i cal anal y sis by Symons et al. (2011) (re ferred to as
‘the 2011 pa per’ be low) ques tioned the re sults and meth od ol -
ogy of the palaeomagnetic pa per on the Kupferschiefer cop per
sul phide de pos its in Po land and on py ritic fa cies in W. Ger many 
and Eng land (Jowett et al., 1987b). Their crit i cisms cen tred on
claims that there was no sta ble remanence found in the cop per
sul phide fa cies and that the hematitic Rote Fäule (RF) com po -
nent was Perm ian in age, not Tri as sic, and was not as so ci ated
with cop per min er al iza tion. Yet, a sta ble palaeopole of 78.6°N,
163.4°E was in deed re ported for the Pol ish cop per sul phide fa -
cies, sim i lar to the palaeopole of 76.1°N, 164.2°E doc u mented
in the Ger man cop per sul phide fa cies (Symons et al., 2011).
Im por tantly, the 1987 pa per dem on strated that their Pol ish cop -
per sul phide fa cies palaeopole was sta tis ti cally sim i lar to their
bar ren, iron-sul phide fa cies palaeopoles from Eng land and
Ger many. The 2011 pa per ar gued that the ore-stage min er al iz -
ing event was re flected by their cop per sul phide palaeopole and 
not by that of the Rote Fäule, though they did not sam ple bar ren 
iron sul phide or Rote Fäule fa cies for com par i son. 

Part of the 2011 group sub se quently used their palaeo -
magnetic re sult to pro pose an epigenetic type or i gin dur ing the
Late Ju ras sic to mid-Cre ta ceous crustal re-ar range ment of
Pangea (Borg et al., 2012). How ever, since their palaeopole of
the Ger man cop per sulphides was in dis tin guish able from the
bar ren iron sul phide palaeopoles in the 1987 study, it is dif fi cult
to claim that both are ore-stage, and their re li ance on a sin gle
mine site ap pears over-reach ing.

This pa per dis cusses the re la tion ship be tween the Rote
Fäule and ore bod ies, pos si ble mech a nisms of ore for ma tion
and their rel a tive tim ing, and up dates the dis cus sion of ore gen -
e sis and palaeomagnetic dat ing with more re cent ev i dence.

SIGNIFICANCE OF KUPFERSCHIEFER SULPHIDE
AND OXIDE ZONATION

Mod els of ore de posit gen e sis need to be com pre hen sive to 
help ex plo ra tion ge ol o gists find new re sources. For Kupfer -
schiefer-type Cu-Ag de pos its, the sed i men tary ba sin re quires a
phys i cal-chem i cal trap to con cen trate sulphides, met al lif er ous
source rocks, palaeotopography to chan nel flu ids to the trap,
and a tec tonic or ther mal event to pro vide a fluid-driv ing mech a -
nism. The rel a tive tim ing of the fluid move ment is cru cial to suc -
cess ful ex plo ra tion; did the fluid en ter the trap lat er ally dur ing
sed i men ta tion or early diagenesis, or did it have a post- lithi -
fication, late-diagenetic or i gin, more akin to an oil and gas an a -
log? The re gional metal zon ing in the Kupferschiefer shale and
basal Zechstein car bon ates (Rydzewski, 1969, 1978; Oszcze -
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palski and Rydzewski, 1997; Oszczepalski, 1999) and its re la -
tion ship to organics of var i ous types (Jowett, 1992) sug gest the
lat ter.

The idea of met als orig i nat ing in ad ja cent moun tains and
pre cip i tat ing in near-shore ar eas dur ing sed i men ta tion has an
en dur ing his tory (e.g., Squire and Keays, 2024). How ever, the
de tailed metal zon ing maps of the Pol ish Geo log i cal In sti tute –
Na tional Re search In sti tute (Chmielewski and Oszczepalski,
2025a, b) make this ge netic sce nario un ten a ble for the Kupfer -
schiefer. The orig i nal bar ren py rite fa cies, not the ore bod ies,
oc cur clos est to the near-shore and the pre cur sor moun tains.
In stead, the Cu-Ag ores lie con cen tri cally around shal low do -
mes of hematitic (Rote Fäule) zones far ther out in the ba sin and 
cross-cut the host rocks in plan and sec tion. These ox i dized
domes in the basal Zechstein, in turn, are closely as so ci ated
with un der ly ing base ment highs within the Rotliegend con ti nen -
tal bas ins (Pokorski, 1978, 1981) that could act to fo cus up -
welling ore flu ids around them to the basal Zechstein. 

Over all metal con cen tra tions in the Rote Fäule Kupfer -
schiefer shale are sim i lar to those in the orig i nal bar ren py rite
shale, so the Cu-Ag met als must have been sourced out side of
the Kupferschiefer. The Rote Fäule domes and ore bod ies are
re gion ally as so ci ated with un der ly ing basal Rotliegend vol ca nic 
rocks (Ryka, 1981; Maliszewska et al., 2016) that could act as a 
metal source, with a deep pseudo-batholith now sus pected
(Speczik et al., 2025). Much of the sul phur, how ever, would
have been in dig e nous as py rite, and sim ply re lo cated from the
Rote Fäule ox ide zone to the Cu-Ag sul phide zone by fluid mi -
gra tion and re dox re ac tions (Jowett et al., 1991).

In the 1980s, Andrzej Rydzewski of the Pol ish Geo log i cal
In sti tute, to gether with the Erin dale geo phys i cal group at the
Uni ver sity of To ronto, ex panded on his ear lier work to pres ent a
late diagenetic model of ore-form ing flu ids from the Rotliegend
bas ins upwelling around the un der ly ing bur ied base ment highs
(Jowett et al., 1987a). These flu ids ox i dized the lower Zechstein 
and pre cip i tated metal sulphides along a shal lowly dis cor dant
ox i da tion-re duc tion front (Oszczepalski, 1999; Chmielewski
and Oszczepalski, 2025a). They em pha sized, as did ear lier au -
thors, that the Rote Fäule ox i da tion is an in te gral part of the
Cu-Ag, Pb, and Zn sul phide zones ad vanc ing out away from
the Rote Fäule ox i dized ar eas. Wodzicki and Piestrzyñski
(1994) also as so ci ated their main ‘Ore Stage II’ di rectly with the
Rote Fäule fa cies. This ore-stage re dox zonation is im printed
onto the orig i nal bar ren py ritic shale, cut ting across the host
rocks in plan and sec tion.

Given that such a large ore-form ing sys tem needs a sub -
stan tial driv ing mech a nism, and, along with ev i dence that ore-
 stage sul phide veinlets were Tri as sic-Ju ras sic in ori en ta tion
(Salski, 1977), Jowett et al. (1987a) sug gested that the re quired 
basinal fluid mi gra tion could be in sti gated by tec tonic exten -
sional rift ing and high heat flow as so ci ated with the open ing of
the Tethys Ocean and lithospheric thin ning dur ing the Tri as sic. 

These cop per sul phide veinlets, very strik ing in ap pear -
ance, were in ter preted by Jowett (1987) as ‘crack-seal’ fill ings
of nat u ral antitaxial hydrofractures formed by gas gen er ated in -
ter nally within the or ganic-rich Kupferschiefer shale dur ing ra -
pid burial in the Tri as sic. Petrographic study of cop per sulphi -
des oc cur ring as dis sem i na tions, lenses/streaks and veinlets

in di cates a mul ti fac eted paragenesis. Dis sem i na tions and len -
ses ap pear co eval; veinlets and lenses can ap pear co eval or
veinlets can cross-cut the lenses; ver ti cal veinlets cross-cut hor -
i zon tal veinlets; cop per-rich sulphides such as chalcocite re -
place and cut across more iron-rich cop per sulphides such as
bornite and chal co py rite (Jowett, 1987). These re la tion ships
con form to those ex pected when cop per-rich, ox i diz ing flu ids
pro duce an ox i da tion-re duc tion front ad vanc ing with time
through the orig i nally pyritous basal Zech stein un der chang ing
tec tonic stresses.

Con se quen tial in fer ences therein are that (a) the Kupfer -
schiefer organics would have reached tem per a tures high
enough to gen er ate nat u ral gases, and (b) the Kupferschiefer
and Weissliegend pore flu ids would have been un der near-
 lithostatic pres sure in or der for the frac tures to re main open and
al low metal-bear ing so lu tions to fill the frac tures in the crack -
-seal man ner ob served. In a hy dro static fluid en vi ron ment,
hydrofractures would have closed im me di ately af ter open ing
and would not have been filled. This hy drau lic re gime dur ing ore 
for ma tion could po ten tially bear on any cor rec tions made for
mag netic ‘in cli na tion shallowing’ in the Rote Fäule, as dis -
cussed be low.

The change from hor i zon tal to cross-cut ting ver ti cal veinlets 
sug gests a change to lat eral tec tonic ex ten sion dur ing ore for -
ma tion. Mikulski and Stein (2015) ob tained a late Tri as sic
Re-Os age of ~212 Myr us ing un con tam i nated cop per sulphi -
des from these same antitaxial veinlets. Alderton et al. (2016)
ob tained Permo-Tri as sic to Ju ras sic Re-Os ages. Bechtel et al.
(1999) ob tained a late Tri as sic to early Ju ras sic K-Ar age for
diagenetic illite be lieved to be ore stage. More thor ough dis cus -
sion of dat ing tech niques of the Pol ish Kupferschiefer can be
found in Mikulski and Stein (2017) and Chmielewski and
Oszcze palski (2025a).

From the above dis cus sion, the palaeomagnetic age of the
Rote Fäule he ma tite also rep re sents the age of the ore de posit,
as the Rote Fäule is an in te gral part of the larger metal sul phide
zon ing sys tem. A rea son able ab so lute age of for ma tion should
be ob tained by re veal ing the he ma tite mag netic com po nents
and com par ing them with avail able ap par ent po lar wan der
paths (APWPs). Geo log i cal ev i dence is, how ever, al ways
need ed to sup port or re fute any palaeomagnetic ev i dence.

PALAEOMAGNETIC ANALYSIS 
OF KUPFERSCHIEFER SHALE

In their cri tique of the palaeomagnetic work of Jowett et al.
(1987b), the core ar gu ment of Symons et al. (2011) is that the
1987 au thors were: (i) “un able to iso late a re li able remanence in 
the min er al ized Kupferschiefer shale, be cause palaeomagnetic 
tech nol ogy had not yet been suf fi ciently re fined”; (ii) were “un -
able to iso late a sta ble ChRM1 com po nent from sam ples of
unoxidized Kupferschiefer min er al iza tion sam ples from un der -
ground mines in Po land”; and (iii) that the ap par ent po lar wan -
der path (APWP) de vel oped in the 1987 work was sur passed by 
later APWPs “with larger da ta bases”. 

2 E. Craig Jowett / Geological Quarterly, 2026, 70, 8

1
 Char ac ter is tic remanent mag ne ti za tion (ChRM) re fers to the sta ble mag netic com po nent af ter sec ond ary or vis cous com po nents are re -

moved by de mag ne ti za tion. CRM or chem i cal remanence re fers to mag netic min er als be ing formed by chem i cal re ac tion (e.g., ox i da tion of iron

sulphides to mag netic he ma tite). This CRM pre serves the di rec tion of the con tem po rary Earth’s mag netic field at the time of he ma tite for ma tion, and 

this com po nent di rec tion can sub se quently be re vealed or iso lated by de-mag ne ti za tion meth ods to ul ti mately be come the ChRM com po nent.
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Palaeomagnetic anal y sis iso lates mag netic com po nents
that rep re sent the ori en ta tion of Earth’s mag netic field at the
time of the com po nent’s ac qui si tion in the rock. Mag ne ti za tion
com po nents that are later su per im posed onto the orig i nal com -
po nent are re moved in a palaeomagnetic lab o ra tory by de mag -
ne ti za tion to try to re veal the di rec tion of the orig i nal com po -
nent, which is then matched to an APWP. The APWP is built up
from cat a logues of ac cepted palaeopoles from rocks with
known ages to ob tain the nu mer i cal age of a mag netic com po -
nent. In some cases, the orig i nal com po nent can not be iso -
lated, which seems to be the case for bar ren and min er al ized
sam ples in the Kupferschiefer as no Perm ian-age com po nents
were de tected in the 1987 and 2011 stud ies. 

‘In cli na tion shallowing’ is a cor rec tion now ap plied to sed i -
men tary palaeopoles to ac count for a de crease in mag netic in -
cli na tion dur ing de po si tion and com pac tion (e.g., Vaes et al.,
2021). The 1987 com po nents were not cor rected for in cli na tion
shallowing, and, at that time, nei ther were the APWP da ta -
bases. The 2011 pa per used the APWP dataset from Torsvik et 
al. (2001) which was then up dated by Torsvik et al. (2012)
which in cluded in cli na tion shallowing cor rec tions. When the
Jowett et al. (1987b) Rote Fäule palaeopole is ad justed the
same as the APWP of Torsvik et al. (2012), it matches a Tri as -
sic age (see be low).

SULPHIDE STUDIES

The cryo genic mag ne tom e ter used at the Uni ver sity of To -
ronto was built with a very high sen si tiv ity spe cif i cally for
NASA’s lu nar rock re search (Develco, 1972), and, in the 1987
study, was able to iso late a sta ble remanence in cop per sul -
phide and py ritic fa cies from three coun tries us ing 70 rock sam -
ples (sev eral hun dred in di vid ual spec i mens; Ta ble 1). Stepwise 
de mag ne ti za tion mea sure ments were suf fi cient and ac cu rate
enough to meet Kirschvink’s (1980) ob jec tive 5° line fit cri te rion
for ac cep tance of an iso lated com po nent. Ta ble 1 com pares
the num ber of sam ples used in both stud ies, and shows that the 
re sul tant palaeopoles are sim i lar in both cop per ore and bar ren
py rite fa cies.

The 1987 Pol ish cop per shale palaeopole 78.6°N, 163.4°E
(Mio cene 10–20 Ma; less likely Cre ta ceous 110 Ma or Ju ras sic
180 Ma) matched the 2011 Ger man cop per shale palaeopole of 
76.1°N, 164.2°E (Ta ble 1). The 1987 bar ren py ritic Ger man and 
Eng land palaeopoles were sta tis ti cally sim i lar to the 1987 cop -
per sul phide palaeopole. The 2011 study claimed that their cop -
per sul phide com po nent (Ta ble 1) rep re sents the tim ing of ore
de po si tion, be ing Late Ju ras sic (~149 Ma) or pos si bly Eocene
(~53 Ma) (by con trast, the 1987 study main tained that only the
Tri as sic age Rote Fäule palaeopole was ore-stage). Be cause
no bar ren or ore-stage sul phide sam ple re vealed an orig i nal
depositional mid-Perm ian age, and the two com po nents are
sta tis ti cally sim i lar, it is dif fi cult to claim that the bar ren py ritic
com po nent is also ore-stage. 

Symons et al. (2011) col lected palaeomagnetic sam ples at
two lo ca tions in one mine in the his toric Mansfeld- Sanger -
hausen dis trict. For the Kupferschiefer cop per shale ho ri zon,
they sam pled 9 “sites” or 117 “spec i mens av er aged”, as sumed
herein to mean ‘used in their cal cu la tions’ (their ta ble 1). The
palaeomagnetic age for these cop per sulphides was given as
149 or 53 Myr and as sumed by them to be ‘ore-stage’. No
Perm ian age com po nents were men tioned in the 1987 and
2011 stud ies to sug gest the sur vival of an orig i nal depositional
mag netic com po nent. The fol low ing two para graphs (abridged)
by Chmielewski and Oszczepalski (2025b) pro vide an in de -
pend ent sum mary of the palaeomagnetic sit u a tion with re spect
to up dated APWPs, dis cussed later.

“Symons et al. (2011) came to the con clu sion that, re gard -
less of whether their 149 ±3 Ma age or their 53 ±3 Ma age is cor -
rect, the Kupferschiefer at Sangerhausen un der went a thor -
ough chem i cal re or ga ni za tion and remagnetization long af ter
the Rote Fäule for ma tion (cf. Jowett et al., 1987b). Thus, the
Kupferschiefer ores and Rote Fäule in their view were not
formed in co eval events”.

“Jowett et al. (1987b) ob tained a Tri as sic palaeomagnetic
age of 250–220 Ma for hematitic Rote Fäule rocks of the
Kupferschiefer se ries us ing sam ples from the Konrad, Lena
and Nowy Koœció³ cop per mines. Us ing a more re cent ap par ent
po lar wan der path, this age was re cal cu lated by Nawrocki
(2000) to 255–245 Ma (Up per Perm ian–Lower Tri as sic) and by
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T a  b l e  1

Sta ble palaeomagnetic com po nents in the 1987 and 2011 stud ies are sim i lar for both cop per ore
and bar ren py rite fa cies, sug gest ing that both can not be of ‘ore stage’ tim ing

Mag netic com po nent Palaeopole

Study Shale fa cies
and lo ca tion

Sam ples 
used

Dec li na tion
[°]

In cli na tion
[°]

Lat i tude
°N

Lon gi tude 
°E

A95

[°]
*Symons et al.

(2011) Ger many cop per 9 4.1 60.9 76.1 164.2 4.7

†Jowett KV22

Jowett et al.
(1987b: ta ble 1)

Po land cop per 26 8.2 59.3 78.6 163.4 6.7

Ger many py rite 23 2.5 65.1 86.2 166.0 5.4

Eng land py rite 21 9.9 64.1 79.7 130.1 6.6

* – sam ples (‘sites’ in 2011 text) from two mine stopes in Ger many (117 spec i mens); † – Kirschvink (1980);
(KV) – com po nents from Po land, Ger many, and Eng land sites (200–300 spec i mens)

2  See Ap pen dix 1 for ex pla na tions of 1987 palaeomagnetic com po nent ter mi nol ogy.
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Symons et al. (2011) to 254 ±6 Ma. Palaeomagnetic data from
the North Sudetic Synclinorium sug gested a Rote Fäule age of
258–250 Ma (Nawrocki, 2017)”.

Jowett et al. (1987b) col lected 154 sam ples of cop per ore
and bar ren py ritic Kupferschiefer and lower car bon ate fa cies in
the his toric and mod ern mines in Po land (three un der ground
mines, two open-pit mines), and from out crops in Ger many and
Eng land. Symons et al. (2011) main tained that the 1987 study
did not sam ple un der ground mine sulphides in Po land; “These
au thors fa voured this at tri bu tion be cause they were un able to
iso late a sta ble ChRM com po nent from sam ples of unoxidized
Kupferschiefer min er al iza tion sam ples from un der ground mi -
nes in Po land”. How ever, it was clearly stated that sta ble sul -
phide com po nents were iso lated from both his toric and mod ern
un der ground mines, and are sim i lar to the sul phide com po nent
found in their own study (ta ble 1).

The 1987 sam ples were cut3 into 474 spec i mens, of which
200 spec i mens were sub jected to an av er age of 6 de mag ne ti -
za tion steps. The large 100 mm sam ple tube in the mag ne tom -
e ter (Develco, 1972) en abled the use of larger cut spec i mens or 
ir reg u larly shaped spec i mens of up to 500 g. Even very del i cate
shale sam ples could be mea sured with out glu ing or coat ing, as
the mag ne tom e ter mea sure ments in volved no phys i cal spin -
ning of the sam ple.

Of the 474 sul phide spec i mens from the three coun tries, the 
sta ble remanence VS2 was re vealed in 85 sam ples or 247
spec i mens. Each spec i men had 2–5 clus tered mea sure ments
aligned along the VS2 di rec tion, which con sti tuted the mea -
sure ments used to ob tain the com po nent vec tor di rec tion, but
these rep re sented only a sub set of the to tal num ber of de mag -
ne ti za tion mea sure ments. This 2–5 num ber may be why the
2011 pa per claimed in cor rectly that “… Jowett et al. (1987b) uti -
lized an av er age of only ap prox i mately four steps in their de -

mag ne ti za tion pro to cols be cause of equip ment lim i ta tions of
that time…”.

Vi su ally choos ing which de mag ne ti za tion steps to use for
each com po nent is al ways some what sub jec tive, but the Kirs -
chvink (1980) method pro vided an ob jec tive ap proach, be ing
less de pend ent on per sonal bias with its built-in thresh old for
align ment of vec tors. In the 1987 pa per, the Kirschvink di rec -
tions matched those of other meth ods used.

There were never any is sues with the num ber of sam ple
mea sure ments or equip ment lim i ta tions at To ronto, and this
crit i cism in the 2011 Symons et al. (2011) pa per is wholly un -
founded.

IRON OXIDE STUDIES

In the 1987 study, the hematitic Rote Fäule fa cies re vealed 
a re versed com po nent of much ear lier age than that doc u -
mented in the py ritic or cop per shale sam ples (Mio cene, less
likely Cre ta ceous or Ju ras sic, but which pre serve no re cov er -
able Perm ian or Tri as sic com po nents). Mag ne ti za tion at the
base of the cop per shale in Po land did trend to wards a re -
versed di rec tion as in the Rote Fäule, but an end com po nent
could not be iso lated. Of the orig i nal 114 spec i mens of Rote
Fäule, 70 spec i mens from 29 field sam ples were used to cal -
cu late the pre ferred MM3 com po nent (Ta ble 2). Symons et al.
(2011) did not sam ple the Rote Fäule or bar ren sul phide shale
in their study area, nor did they go to Po land to ver ify the 1987
re sults.

The 1987 re versed palaeopole (MM3 in Ta ble 2) co in cided
with a mid-Tri as sic age on the APWP cal cu lated us ing da ta -
bases avail able at that time (Jowett et al., 1987b) (this novel
APWP was ac cepted by Jour nal of Geo phys i cal Re search re -
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T a  b l e  2

Com par i son of he ma tite-bear ing sam ples from the Kupferschiefer and Buntsandstein

Mag netic com po nent Palaeopole

Site
Sam ples

used
Dec li na tion

[°]

In cli na tion

[°]

Lat i tude

 °N

Lon gi tude

°E

A95

[°]

Symons et al. (2011)
Ger many

Rote Fäule
0 n/a n/a n/a n/a n/a

Jowett et al. (1987)
MM3

Po land
Rote Fäule

29 205.4 –28.2 49.0 157.2 3.9

VS3 20 203.5 –29.9 50.6 159.1 5.5

MMVS3 30 207.3 –28.5 48.3 154.7 4.5

KV3 17 206.4 –25.6 47.7 156.6 6.4

Nawrocki et al.
(2003)

Po land Buntsandstein
29*

4*

210.0

210.0

–32.0

–31.0

49

48

155.0

155.0

2.4

4.5

Szurlies (2007) Ger many Buntsandstein 129†    23.3 26.1 49.1 154.1 6.5

Ger man and Pol ish Buntsandstein palaeopoles are well con strained and sim i lar to the Rote Fäule pole. Us ing re cent
APWPs, the Buntsandstein poles would be com pat i ble with a Perm ian age un less cor rected for in cli na tion shallowing (see 
text), a quan dary when con sid er ing strata of de fin i tive Tri as sic age
* – 29 sam ples in 4 lo cal i ties cal cu lated sep a rately;† – spec i mens used

3 A slow-speed band saw with a di a mond-en crusted blade was used to cut the sam ples dry and so to keep them in tact.

https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1007/s00126-010-0319-2
https://doi.org/10.1111/j.1365-246X.1980.tb02601.x
https://doi.org/10.1029/JB092iB01p00581
https://doi.org/10.1029/JB092iB01p00581


view ers and con se quently in cluded in the pub li ca tion). A late
diagenetic age of mag ne ti za tion in the Rote Fäule is sup ported
by the cross-cut ting na ture of the re dox bound ary, the ori en ta -
tion of sul phide veinlets, other dat ing meth ods, a ther mal driv -
ing mech a nism, and gen eral geo log i cal ev i dence.

For the Up per Buntsandstein (Lower to Mid dle Tri as sic)
con ti nen tal se quence in Ger many, Szurlies (2007) ob tained a
palaeopole of 49.1°N, 154.1°E, very sim i lar to the 49°N, 155°E
palaeopole ob tained by Nawrocki et al. (2003) for the Lower to
Mid dle Buntsandstein (Lower Tri as sic) in Po land (Ta ble 2).
Both re sults closely match the 1987 Pol ish Rote Fäule palaeo -
pole of 49.0°N, 157.2°E, sup port ing a sim i lar Tri as sic mag ne ti -
za tion age for the Rote Fäule com po nent. Nor mal and re versed 
poles were found in both stud ies, with re versed di rec tions more
com mon in the Mid dle Buntsandstein of the Nawrocki et al.
(2003) study. Both stud ies were cor rected for bed ding tilt, as in
the 1987 study, but there is no men tion of ad just ments for in cli -
na tion shallowing in ei ther pa per, in which case these palaeo -
poles can be di rectly com pared to the 1987 Rote Fäule MM3
palaeopole (Symons et al., 2011 did not re fer to these Bunt -
sandstein stud ies).

The de tailed petrographic anal y sis of the Buntsandstein by
Bertier et al. (2022) shows that red den ing was caused by
diagenetic clay rims stained by iron hy drox ides, sim i lar to the
diagenetic Rote Fäule stain ing in the Kupferschiefer, so both
lithologies should dis play sim i lar CRM prop er ties and be hav iour 
with re spect to in cli na tion shallowing.

Us ing the newer APWPs cor rected for in cli na tion shallo -
wing, these un cor rected Buntsandstein palaeopoles would in di -
cate a Perm ian age, which of course is not defensible. It is
there fore con cluded that the mag ne ti za tion events of Tri as sic
Buntsandstein de pos its in Po land and Ger many, and the he -
ma tite mag ne ti za tion of the Rote Fäule in Po land were syn chro -
nous, in the Tri as sic or later.

CONTEMPORARY PALAEOMAGNETIC 
ANALYSIS

In late 2024, two palaeomagnetic lab o ra to ries were ap -
proached to com ment on the age of the Rote Fäule com po -
nents; “My ques tion and fa vour to ask is, us ing the newer
APWP cal cu la tions, what would be the age of a mea sured
palaeopole MM3 of this value and for this lo ca tion? Palaeopole: 
49.0°N, 157.2°E, A95 = 3.9° and Lo ca tion: 51.3°N, 16.2°E”. 

One lab o ra tory is that of Dr. Douwe J.J. van Hinsbergen of
Utrecht Uni ver sity and Dr. Bram Vaes of the Uni ver sity of
Milano-Bicocca. They de vel oped a dis tinc tive tech nique for cal -
cu lat ing their APWP (Vaes et al., 2023) and the MM3 Rote
Fäule com po nent fits di rectly onto it (Fig. 1). Their APWP in -
cluded cor rec tions for in cli na tion shallowing (flat ten ing fac -
tors4), and when the MM3 palaeopole was cor rected for
shallowing, it co in cided with a Tri as sic age. The fol low ing quote
is a per sonal com mu ni ca tion from these re search ers in 2024.

“The dec li na tion fits with an age be tween 300 and 240 Ma
or so. In ter est ingly, if you ap ply some cor rec tion for in cli na tion
shallowing, the in cli na tion matches a youn ger age. For in -
stance, when ap ply ing a flat ten ing fac tor of 0.7 (mod er ate in cli -
na tion shallowing), the in cli na tion be comes 38.7°. As shown in
the at tached fig ure, this matches with an Early Tri as sic age

(dark red datapoint). Vary ing de grees of in cli na tion shallowing
would al low for an age be tween the mid-Perm ian (no shallo -
wing) to the Mid dle Tri as sic (sig nif i cant shallowing, with a flat -
ten ing fac tor of 0.5–0.6). I am cer tainly not an ex pert of the pro -
cesses lead ing to in cli na tion shallowing, but I have learned that
sam ples car ry ing a CRM are typ i cally less or not at all af fected
by shallowing.”

The sec ond lab o ra tory con sulted is that of  Dr. Volodymyr
Bakhmutov at the In sti tute of Geo phys ics, Na tional Acad emy of
Sci ences of Ukraine. His de tailed re sponse (abridged) is as fol -
lows.

“To es ti mate the age of your palaeomagnetic pole, the ref er -
ence APWP for Baltica/Sta ble Eu rope was taken (Torsvik et al., 
2012), in which the cor re spond ing poles for sed i men tary rocks
are cor rected for in cli na tion shallowing”.

“As for in cli na tion shallowing … the co ef fi cient ¦ can vary
and de pends on the type of de tri tal sed i ments, but ¦ = 0.6 is
con sid ered ‘stan dard’ (see Torsvik et al., 2012). But it is nec es -
sary to take into ac count that this cor rec tion ap plies to sed i -
ments with de tri tal or post-de tri tal mag ne ti za tion. But in your
case, the mag ne ti za tion should be chem i cal, and it is not clear if
there was a sig nif i cant in cli na tion shallowing af ter its for ma tion”.

Re cal cu la tions of the 1987 Rote Fäule palaeopoles by the
Kyiv group us ing the geo graphic lo ca tion of Slat = 51.3°N, Slon =
16.2°E are tab u lated in Ta ble 3A (un cor rected for in cli na tion
shallowing) and in Ta ble 3B af ter an ¦ = 0.6 cor rec tion for in cli -
na tion.

“Fig ure 2 shows the APWP of Torsvik et al. (2012) for
Baltica/Sta ble Eu rope, where the poles MM3 and KV3 (with out
cor rec tion for in cli na tion) and MM3-C and KV3-C (with cor rec -
tion) are plot ted. As can be seen, the MM3 and KV3 poles fall on 
the ~270 Ma APWP sec tion. The poles with the cor rec tion al -
ready fall on an other part of the tra jec tory; MM3-C falls on the
sec tion of age 260–240 Ma, and the pole KV3-C, tak ing into ac -
count the larger A95, falls on the sec tion 270–240 Ma”.

“So, with out the shallowing cor rec tion, the age of mag ne ti -
za tion can be es ti mated as the Early-Mid dle Perm ian bound ary, 
whereas with the cor rected poles, we ob tain the age from the
Mid dle–Late Perm ian to the Mid dle Tri as sic (or from the
Early–Mid dle Perm ian to the Mid dle Tri as sic, if we used KV3
poles) (In ter na tional Chronostratigraphic Chart of Co hen et al.,
2025)”.

DISCUSSION OF INCLINATION 
SHALLOWING

To sum ma rize the above sec tion, two geo phys i cal lab o ra to -
ries (Kiev and Utrecht/Milano) used two dif fer ent APWPs
(Torsvik et al., 2012; Vaes et al., 2023), both of which in cor po -
rated in cli na tion shallowing, to date the 1987 Rote Fäule
palaeo poles with no in cli na tion shallowing. Both lab o ra to ries
found that the un cor rected Rote Fäule palaeopole has a Perm -
ian age [sim i lar to the cal cu la tions of Nawrocki (2000) and
Symons et al. (2011)], but has an Early to Mid dle Tri as sic age
af ter a stan dard cor rec tion for in cli na tion shallowing to match
the APWPs. Both groups point out, how ever, that chem i cal
remanence such as in the Rote Fäule he ma tite might not be
sub ject to in cli na tion shallowing. 

E. Craig Jowett / Geological Quarterly, 2026, 70, 8 5

4  A flat ten ing fac tor of ¦ = 1 is no flat ten ing, and ¦ = 0.5–0.7 is mod er ate flat ten ing.
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Vaes et al. (2021) and Pierce et al. (2022) de scribe spe cial -
ized meth ods of dis cern ing the rate of in cli na tion shallowing
within sed i men tary rocks, with both em pha siz ing the un cer tain -
ties of ap ply ing flat ten ing fac tors with out very spe cific work dur -
ing the orig i nal study. He ma tite-bear ing de tri tal grains could be
sub ject to flat ten ing, de pend ing on size and shape, but pigmen -
tary he ma tite would likely not. With out such de tailed stud ies be -
fore hand, a sin gle cor rec tion ap plied to all sed i men tary palaeo -
poles ap pears to be an im pre cise re sponse.

An other con sid er ation is whether car bon ate rocks should
be cor rected in the same fash ion as clastic rocks. Car bon ate
rocks do not com pact uni formly like clastic rocks but in stead un -

dergo ‘pres sure so lu tion’, leav ing be hind dark stylolite seams
be tween the less-com pacted rock. Be cause the sty lo lites con -
tain the in sol u ble com po nent of the car bon ate, a palaeo ma -
gnetic study would need to re move the sty lo lites com pletely to
ob tain the orig i nal pre-com pac tion com po nent. Ap ply ing a blan -
ket flat ten ing fac tor in this case would be prob lem atic.

Fur ther more, the Rote Fäule is an or ganic-rich black shale
in which early diagenetic py rite has been ox i dized to he ma tite
by upwelling ox i diz ing flu ids. The pigmentary he ma tite formed
would not likely re flect in cli na tion shallowing when mea sured.
The mag ne tized he ma tite in the Buntsandstein clastic rocks
also oc curs as pigmentary coat ings and in ter sti tial ce ments,
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A B

C

Fig. 1A – pre dicted dec li na tion of 1987 Rote Fäule com po nent
MM3 at lo cale 51.3°N, 16.2°E, with APWP of Vaes et al. (2023) for 
ref er ence; the or ange dot with no cor rec tion is com pat i ble with

a 275 Myr age (mid-Perm ian), and the red dot with mod er ate ¦ =
0.7 cor rec tion is com pat i ble with a 250 Myr age (early to mid dle

Tri as sic). A cor rec tion of ¦ = 0.5–0.6 for MM3 in di cates a
mid-Tri as sic age (B. Vaes, pers. comm., 2024); B – for the pre -
dicted in cli na tion of MM3; C – for the pre dicted palaeolatitude
of MM3

https://doi.org/10.1016/j.earscirev.2023.104547
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and most likely some lithic de tri tal grains – the role of each type
in any in cli na tion shallowing would be dif fi cult to un ravel. De -
tailed pe trog ra phy to ac com pany palaeomagnetic work is crit i -
cal, such as that done for the Buntsandstein by Bertier et al.
(2022), es pe cially when sub stan tive cor rec tions are to be
made.

The thick Zechstein evaporites that pro vided the over ly ing
hy drau lic aquiclude, to gether with the crack-seal na ture of the
ore-stage antitaxial veinlets, sug gest an over-pres sured, near-
 lithostatic re gime for the pore wa ters dur ing for ma tion of the
Rote Fäule-cop per sys tem (Salski, 1977; Jowett, 1987). With a
lat eral ten sile force im posed dur ing the open ing of the Tethys
Ocean, such dilatant veinlets could open and stay open un der
these hy drau lic con di tions even dur ing the rapid sub si dence of
Tri as sic-Ju ras sic times (such small in ter nal hydrofractures
would not re sult in a breach of the over ly ing evaporite seal, but
ad di tional re gional tec tonic ex ten sion would ul ti mately do so). It
is con ceiv able that com pac tion of the Kupferschiefer shale,
thus pos si bly pro duc ing some in cli na tion shallowing, could
have oc curred when the overpressure was re lieved later, pos si -
bly dur ing the Cre ta ceous up lift ing (Jowett, 1987: figs. 6 and 7).
Nawrocki (2017) has in ter preted the 1987 Rote Fäule mag netic
com po nent as hav ing com pacted 10–15° af ter its for ma tion.

The flat ten ing fac tor is sue re mains un re solved for the mo -
ment. How ever, the 1987 Rote Fäule palaeopole of Jowett et al. 
(1987b), un cor rected for flat ten ing, de notes a Tri as sic age
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Fig. 2. Sta ble 1987 hematitic Rote Fäule com po nents be fore (KV3, MM3)

and af ter (KV3-C, MM3-C) be ing cor rected by flat ten ing fac tor ¦ = 0.6,
plot ted on Baltica/Sta ble Eu rope APW path of Torsvik et al. (2012) which

uses ¦  = 0.6 (V. Bakhmutov, pers. comm., 2024)

T a  b l e  3A

Un cor rected Rote Fäule (RF) palaeopoles re cal cu lated 
by V. Bakhmutov (pers. comm., 2024)

1987 RF com po nent 2024 RF palaeopole

Dec li na tion
[°]

In cli na tion
 [°]

a95

[°]
Plat 
[°]

Plon 
[°]

A95

[°]

MM3 205.4 –28.2 4.2 –48.4 337.6 3.4

KV3 206.4 –25.6 7.3 –46.6 337.2 5.8

T a  b l e  3B

As in Ta ble 3A but Rote Fäule palaeopoles are cor rected by
f = 0.6 for in cli na tion

2024 RF com po nent cor rected 2024 RF palaeopole
cor rected

Dec li na tion
[°]

In cli na tion
[°]

a95
[°]

Plat 
[°]

Plon 
[°]

A95

[°]

MM3-C 205.4 –41.8 4.2 –56.5 331.0 4.0

KV3-C 206.4 –38.6 7.3 –54.0 331.5 6.7
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when com pared to an APWP also un cor rected for flat ten ing.
Sim i larly, when cor rected for flat ten ing, it de notes a Tri as sic
age when com pared to an APWP that is also cor rected for flat -
ten ing. Strong sup port co mes from the in de pend ently cal cu -
lated Early to early Mid dle Tri as sic Buntsandstein palaeopoles
that co in cide with the 1987 Rote Fäule palaeopole.

CONCLUSIONS

The sharp crit i cisms of Symons et al. (2011) have been an -
swered ac cord ingly by the ev i dence and rea son ing pre sented
in this pa per. The orig i nal es ti mate of a Tri as sic age of the Pol -
ish Rote Fäule palaeomagnetic com po nent is up held within the
un cer tainty of in cli na tion shallowing ad just ments. A Tri as sic
age for the for ma tion of the Kupferschiefer Cu-Ag ore de pos its

re mains a valid in ter pre ta tion of the geo log i cal and geo phys i cal
ev i dence in the lit er a ture.
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bergen of Utrecht Uni ver sity and B. Vaes of the Uni ver sity of
Milano-Bicocca for pro vid ing good ad vice and a range of dates
us ing the APWP of Vaes et al. (2023). A spe cial thanks is ex -
tended to V. Bakhmu tov and his re search group at the In sti tute
of Geo phys ics, Na tional Acad emy of Sci ences of Ukraine for
de ter min ing a date range us ing the APWP of Torsvik et al.
(2012), and do ing so un der the very dif fi cult cir cum stances
which Ukraine has been ex pe ri enc ing. Al though the pres ent pa -
per was writ ten 14 years af ter the crit i cism by Symons et al.
(2011), their pa per came 24 years af ter the orig i nal 1987 pa per.
Thor ough ed it ing by T. Barrett greatly im proved the clar ity of
this pa per. I wish to thank S. Oszcze palski and an anon y mous
re viewer for their thor ough and pa tient re views and in sight ful
com ments.
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APPENDIX 1

PALAEOMAGNETIC COMPONENT TERMINOLOGY OF THE 1987 PAPER

The num ber ing sys tem of 1, 2, and 3 in the mag netic com po nent names re fers to the first, sec ond, and third com po nents re -
vealed or iso lated in the Kupferschiefer rock sam ples (Jowett et al., 1987b). The first com po nent iso lated is a ‘vis cous re manent
mag ne ti za tion’ that is the eas i est to re move by de mag ne ti za tion, and re flects the Earth’s mag netic field of the pres ent day and re -
cent past. The sec ond com po nent iso lated af ter the first was re moved is an ear lier mag netic com po nent with the mag netic char ac -
ter is tics of iron hy drox ides, and was con sid ered to be of Al pine orog eny age in the 1987 study. The third com po nent re vealed af ter
the first two were re moved is the orig i nal chem i cal remanence in the hematitic ox i dized zone or Rote Fäule. It is car ried by he ma -
tite, and is con sid ered to be syn chro nous with the ore-form ing event due to its be ing an in te gral part of the metal zon ing. Only the
first two com po nents were found in the sul phide zones, whether cop per or bar ren iron sulphides. No Perm ian age com po nent was
re vealed in any of the sul phide-bear ing fa cies.

The term ‘MM’ re fers to the ac tual mo ment mea sured by the mag ne tom e ter and in cludes all mag netic com po nent vec tors left
in the sam ple. It is less use ful when it in cludes other com po nents, but is best for de fin ing the third com po nent more pre cisely af ter
other, later com po nents have al ready been re moved by de mag ne ti za tion.

‘VS’ re fers to the vec tor or com po nent di rec tion sub tracted be tween each de mag ne ti za tion mea sure ment, and de lin eates the
first and then the sec ond com po nents as they are be ing re moved. It is a sim ple method, uses pairs of de mag ne ti za tion steps ob -
jec tively, and is a check on the stan dard Kirschvink method. ‘KV’ re fers to the stan dard Kirschvink an a lyt i cal method of 1980 which 
com putes com po nent di rec tions us ing se quences of de mag ne ti za tion steps. The term ‘MMVS3’ is a com bi na tion of two meth ods
used spe cif i cally for com par i son pur poses for the Rote Fäule com po nent.
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