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abstract

Extensive negative aeromagnetic anomalies in the Modum area, south Norway, derive from rocks contain-
ing ilmenite with hematite exsolution, or hematite with ilmenite exsolution, carrying strong/stable reversed 
remanence. Here we describe a 2.5 cm thick high-temperature metamorphic vein of exsolved titanohematite. 
5HÀHFWHG�OLJKW�DQG�(03�DQDO\VHV�VKRZ�LW�FRQWDLQV�WKUHH�W\SHV�RI�H[VROXWLRQ��VSLQHO�SODWHV�RQ��������UXWLOH�EODGH�
satellites on spinel oriented at angles of a��±����WR�WLWDQRKHPDWLWH��������DQG�ODPHOODH����±����Pm thick too 
¿QH�IRU�(03�DQDO\VHV��DOVR�SDUDOOHO�WR��������3RZGHU�;5'�JDYH�a = 5.0393 Å, c = 13.7687 Å, V = 302.81 Å3 
IRU�WLWDQRKHPDWLWH��|,OP����DQG�XQUH¿QHG�UHÀHFWLRQV�RI�UXWLOH�DQG�JHLNLHOLWH��2YHUODS�(03�DQDO\VHV�VKRZHG�
HQULFKPHQW�LQ�0J2��7L22, and lack of Al223, indicating a mixture of titanohematite and geikielite. Non-overlap 
analyses showed the titanohematite is 6%Fe2+7L23����0J7L23, 92% Fe223��JHQHUDOO\�FRQ¿UPHG�E\�7(0�(';�
analyses that also showed the geikielite is 30%Fe2+7L23�����0J7L23.

2ULHQWDWLRQ�DQG� LQWHUIDFH� UHODWLRQVKLSV�EHWZHHQ�H[VROXWLRQV�DQG�KRVW� WLWDQRKHPDWLWH�ZHUH�FKDUDFWHUL]HG�
with TEM, using conventional and high-resolution imaging complemented by selected-area electron diffrac-
WLRQ��6SLQHO�VKDUHV�������ZLWK�������RI�WLWDQRKHPDWLWH�DQG�JHLNLHOLWH�������WKH�VDPH��7KH�HSLWDFWLF�UHODWLRQVKLS�
EHWZHHQ�UXWLOH�DQG�WLWDQRKHPDWLWH��SUHYLRXVO\�QRW�ZHOO�FRQVWUDLQHG��ZDV�HVWLPDWHG�IURP�UHÀHFWHG�OLJKW�DQG�7(0�
LPDJHV�DQG�ODWWLFH�¿W�VWXGLHV��7KH�a1 axis of rutile is parallel to a1 of hematite and c of rutile is normal to a2 of 
hematite, all in the hematite basal plane, which, however is not a phase interface. The rutile appears to occur in 
blades within prism planes in titanohematite located a69° from a axes of hematite, with long axes of the blades 
oriented in a minimum strain direction within the planes at a����IURP�WKH�������EDVDO�SODQH�

6SLQHO�DQG�UXWLOH��DQDO\]HG�E\�(03��H[VROYHG�¿UVW��6SLQHO�JDYH����0J$O224, 3%FeFe224, Mg/total R2+ = 
0.98. Magnesian/aluminous spinel lacking Ti exsolved from titanohematite in coupled exsolution with ferrian 
rutile, where combined components were dissolved as corundum/geikielite components in high-T aluminous 
magnesian titanohematite. Early exsolution lowered geikielite, and eliminated the corundum component. Later 
¿QH�H[VROXWLRQ�RI�IHUURDQ�JHLNLHOLWH�PRYHG�WKH�WLWDQRKHPDWLWH�FORVHU�WR�)H223.

Mg2+ has no magnetic moment, but breaks up linkages between Fe atoms, lowers Néel Ts, and produces 
unusual low-T properties. This titanohematite has Néel T������.�������&���*HLNLHOLWH�DW����0J7L23, is far 
EH\RQG�LWV�WKHRUHWLFDO�QHDUHVW�QHLJKERU�SHUFRODWLRQ�WKUHVKROG�DW������0J7L23. However, the sample shows 
a negative magnetic exchange bias below 25 K and low-T remanence lost above a40 K. Such properties are 
reported in samples containing thin ilmenite lamellae in titanohematite, in theory with odd numbers of Fe lay-
ers, where exchange bias is linked to lamellar magnetism at the phase interfaces, when the ilmenite becomes 
D�KLJK�DQLVRWURS\�PDJQHW� LQ�D�PDJQHWLFDOO\� VRIWHU�KRVW��3RWHQWLDO� H[SODQDWLRQV� IRU� WKH�EHKDYLRU�RI� IHUURDQ�
geikileite are discussed. 
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introduction

Figure 1 shows magnetic anomalies over the Mesoprotero-
]RLF�EDVHPHQW�URFNV�RI�WKH�0RGXP�GLVWULFW��VRXWK�1RUZD\��LQVHW�
)LJ������DQG�QRUWKZHVW�PDUJLQ�RI� WKH�3HUPLDQ�2VOR�5LIW� WKDW�
SUHVHUYHV�&DPEUR�6LOXULDQ�IRVVLOLIHURXV�VHGLPHQWDU\�VWUDWD�FXW�
E\�3HUPLDQ�LQWUXVLRQV��PDQ\�LQ�FODVVLF�ULQJ�GLNH�FRPSOH[HV��

,Q�PDQ\�ORFDWLRQV��WKH�ULIW�ERXQGDU\��WKLQ�GDVKHG�EODFN�OLQH��
is an east-dipping normal fault, but locally in Figure 1, the 
boundary is a gently east-dipping unconformity. The underly-
ing basement rocks show a north-northwest trending structural 
JUDLQ� SURGXFHG� GXULQJ� HDUO\� 6YHFRQRUZHJLDQ� �a�����0D��
deformation and amphibolite-facies regional metamorphism 
�%LQJHQ�HW�DO��������

The aeromagnetic map shows areas of positive induced 
PDJQHWL]DWLRQ��UHG�ODYHQGHU�FRORUV��DQG�DUHDV�RI�PDJQHWLF�ORZV�
�RUDQJH�WKURXJK�GDUN�EOXH���7KH�RUDQJH±EOXH�DUHDV�ZHVW�RI�WKH�
rift margin are areas dominated by negative remanent magneti-
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