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NEDERLANDSE SAMENVATTING 

Het Archa·isch granuliet terrein m het Datung-Huaian gebied in noord China . om vat een 

grondgebergte komplex van felsische en mafische granulieten, bedekt door een opeenvolging van 

metasedimenten die gedomineerd wordt door metapelieten en metapsammieten (khondaliet serie). 

Beide lithologische eenheden worden gescheiden door een tektonisch kontakt. Strukturele, texturele en 

stratigrafische gegevens wijzen erop dat het gebied door twee belangrijke tektono-thermale cycli (Ca 

en Cb) bei:nvloed is. Deze cycli zijn geassocieerd met twee granuliet-facies episoden, Ml en M2. De 

belangrijkste van deze episoden is Ml. Deze episode is gerelateerd aan aile belangrijke strukturen in 

het gebied. De granulieten werden later opgeheven en ontsloten door wegname van bovenliggende 

eenheden en denudatie. Dit proces vond waarschijnlijk in het vroeg-Proterozoicum plaats in reactie op 

korstverdunning nadat de korst plaatselijk aan het einde van het laat-Archalcum (2400-2500 Mj) 

verdikt was. De uiteindelijke ontsluiting van de gesteenten aan het oppervlak kan door verdere 

exhumatie tijdens een nog latere granuliet facies gebeurtenis rond 1900 Mj hebben plaatsgevonden. 

Vanaf het meso-Proterozoicum (1800 Mj) werd op de gesteenten met granuliet facies paragenesen een 

diskordantie gevormd waarop sedimenten werden afgezet. 

Tijdens cyclus Ca werden de granulieten sterk gedeformeerd als gevolg van lokale extensie 

langs een licht-hellende afschuivingszone, hetgeen leidde tot opheffing van hoge-druk granulieten naar 

de oppervlakte. Op grond van herkenbare deformatie-episoden en kinematisch-strukturele patronen 

kunnen drie litho-tektonische domeinen worden onderscheiden die op verschillende strukturele niveaus 

werden gevormd tijdens het proces van extensie en opheffing. Het onderste strukturele domein bestaat 

in hoofdzaak uit TTG gneiss, en wordt gekarakteriseerd door km-schaal koepelstrukturen en daarmee 

geassocieerde liggende plooien. Deze koepels lijken op in vaste toestand geintrudeerde diapieren of 

ommantelde gneisskoepels. Het intermediare strukturele domein bestaat uit een sterk gefolieerde 

tektonische melange met krn-schaal buis-plooien en dit domein diende als grootschalig decollement

zone. Het bovenste strukturele domein bevat sillimaniet-rijke metapelieten of khondalieten met een 

dominante foliatie en mineraal-lineatie sub-parallel aan die in het intermediare domein. Het bovenste 

strukturele domein heeft een lagere maximale metamorfe druk en jongere granuliet facies strukturen 

dan de andere domeinen. Het wordt gelntrudeerd door verschillende S-type granietlichamen die tijdens 

de tweede granuliet facies gebeurtenis rond 1900 Mj intrudeerden. De bovenste en intermediaire 

strukturele domeinen zijn waarschijnlijk tangs het Iicht hellende decollement op elkaar geplaatst. 

In aile drie de domeinen worden granulieten gekenmerkt door goed ontwikkelde gneiss

maaksels. Foliatiesporen en mineraal lineaties in het onderste domein ondergingen sterke 

rekristallisatie en vertonen een grote variatie in orientatie als gevolg van koepelvorming. Mineraal 

lineaties in het middelste domein zijn daarentegen goed bewaard en konstant in orientatie gebleven, 

parallel aan de assen van verschillende generaties van gesloten tot open plooien. De lineaties duiken 

zwak (I 0-30°) naar het zuid-westen (200-230°) en geven de extensierichting aan. De lineaties in het 

bovenste domein duiken daarentegen zwak naar het west-zuidwesten (250-260\ Bewegingsrichtingen 
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in de middelste en bovenste domeinen geven in hoofdzaak een beweging van het bovenste blok naar 

het zuidwesten of west-zuidwesten aan, hetgeen een afschuivingsbeweging impliceert. 

Mikrolithonen van granaathoudende, mafische hoge-druk granulieten die drukken tussen 12 

en 16 kbar aangeven, en die oorspronkelijk in de diepste korst werden gevormd, komen veel voor in 

het onderste en middelste domein. De ontwikkeling van symplektitische strukturen in deze gesteenten 

door een vrijwel isothermaal decompressie-proces is afhankelijk van het oorspronkelijke mineraal 

gezelschap en het moment van vorming tijdens het opheffingsproces. De symplektieten zijn in 

verschillende mate gerekristalliseerd en uitgerekt in de richting van de regionale extensie lineatie. Dit 

geeft aan dat de stukturele domeinen zich ontwikkelden tijdens het stijgingsproces van de eenheden in 

de korst. Een aantal late brosse breuken in het oostelijk deel van de centrale koepel zijn misschien het 

gevolg van doorgaande opheffing in het brosse bovenste niveau van de korst. Deze breuken hebben de 

diep-krustale gesteenten niet wezenlijk be"invloed. 

Petrologische studies hebben aangetoond dat de hoogste metamorfe condities van Ml in het 

grondgebergte 12-14 kbar en 800-900 °C bedroegen tijdens de foliatie-vormende gebeurtenis D2Ba, 

die een oudere foliatie S I Ba van onbekende ouderdom en herkomst gedeeltelijk overdrukte en uitwiste. 

In de allochtone bedekkende sedimenten waren de hoogst bereikte metamorfe omstandigheden tijdens 

M l ongeveer 8 kbar en 800 ° C na een prograde verdikkingsepisode, D l Co. In deze peri ode werd een 

foliatie parallel aan de gelaagdheid gevormd terwijl ook grote hoeveelheden S-type graniet 

intrudeerden. Het ruimtelijk beperkt voorkomen van de episoden D2Ba en D l Co wordt gelnterpreteerd 

als een gevolg van lokale effecten van de metamorfe episode Ml op verschillende niveaus in de korst. 

Het grondgebergte en de allochtone bedekking werden tijdens D3 met elkaar in kontakt gebracht langs 

een zwak hellende afschuivingszone. Deze afschuivingszone accomrnodeerde extensie na 

korstverdikking. Door het wegnemen van het gewicht van bovenliggende eenheden kon het 

grondgebergte opstijgen tot een diepte waar een druk van 4-6 kbar heerste, zoals blijkt uit 

dekompressiestrukturen die tijdens D3 gevormd werden. Afkoelingsstrukturen van gelijke ouderdom in 

de eenheden van de allochtone bedekking geven aan, dat laterale (en niet vertikale) bewegingen 

domineerden in het bovenblok van de afschuivingszone. Tijdens cyclus Cb werden maximale 

metamorfe omstandigheden bereikt van 4-6 kbar en 650-700 °C, gelijktijdig met de vorming van goed 

ontwikkelde sinistrale zijschuivingszones (D4-M2), die zowel het grondgebergte als de allochtone 

bedekking doorsnijden, en die ook enige opheffing mogelijk maakten. 

De afgeleide Ca- en Cb druk-temperatuurpaden komen in veel Precambrische granulieten 

voor. In het algemeen zijn dekompressiepaden zoals die zijn vastgelegd in gesteenten van het 

grondgebergte geinterpreteerd als een gevolg van korstverdikking, gevolgd door uiteenvallen door 

extensie. 

Onderzoek van palaeomagnetisme in de granulieten wijst erop dat het magnetische maaksel 

gedomineerd wordt door de D3 foliatie en extensie lineatie, gevormd tijdens uiteenvallen door extensie 

en opheffing, terwijl magnetische remanentie tijdens latere stadia van opheffing en afkoeling werd 

vastgelegd toen de temperatuur onder het Curiepunt kwam. De pool-posities vormen een continue zone 
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tussen 51 o E, 20° S en 170° E, 35° S, als samengevat door gemiddelde pol en van de groepen. Zij worden 

toegeschreven aan het interval tussen ongeveer 2000 en 1840 Mj en brengen het bereik van het 

gedokumenteerde schijnbaar polair verplaatsingpad van het Noord Chinese schild verder terug in de 

tijd vanaf het trajekt dat reeds bekend was van Mesoproterozoische suprakrustale opeenvolgingen. 

De behandelde strukturele en petrologische gegevens in kombinatie met het resultaat van 

palaeomagnetische onderzoekingen tonen aan dat de Datung-Huaian granulieten duktiele extensie 

afschuiving en opheffing hebben ondergaan die plaatsvonden in de diepe korst na korstverdikking. De 

gevolgtrekking is dat zwak hellende afschuivingszones zelfs in een zeer vroeg stadium een rol speelden 

bij de opheffingsgeschiedenis van granulieten, op de grens van het Proterozoicum en het Archaicum. 
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ABSTRACT 

The Archaean granulite terrain in the Datong-Huaian area, north China, comprises a basement 

complex of fe lsic and mafic granulite (TTG gneiss), overlain by a sedimentary sequence dominated by 

metapelite and metapsammite (khondalite series). Both lithological associations are separated by a 

tectonic contact. Structural, textural and tectono-lithostratigraphic data indicate that the terrain was 

affected by two prominent tectono-thermal cycles (CA and CB), associated with two granulite facies 

events, M I and M2. Of these, the M l event was dominant and associated with all major structures in 

the area. The granulites were subsequently exhumed, as a result of gravity unloading/uplifting and 

denudation. This process probably occurred during the early Palaeoproterozoic in response to crustal 

thinning after thickening at the end of the Archaean (2400-2500 Ma), although final exposure may have 

resulted from further exhumation during a later granulite event (M2) around 1900 Ma. From the 

Mesoproterozoic ( 1800 Ma) onward the granulite terrain was covered unconformably by sediments. 

During cycle CA, the granulites underwent strong ductile deformation in response to an 

extensional event involving a low-angle detachment, which resulted in the exhumation of high-P 

granulites. On the basis of the distinct deformation histories and kinematic-structural patterns, three 

litho-tectonic domains can be recognised that formed at different structural levels during the 

detachment process. The lower litho-tectonic domain is mainly composed of TTG gneiss, and is 

characterised by kilometre-scale domal structures and associated recumbent folds. These domes 

resemble solid state diapirs or mantled gneiss domes. The intermediate litho-tectonic domain consists 

predominantly of biotite-rich felsic gneiss with lenses or microlithons of the TTG gneiss and/or 

khondalite series rocks derived from both the lower and upper structural domains. The intermediate 

domain is characterised by a strongly foliated tectonic melange containing km-scale sheath folds, and 

acted as a macro-scale decollement. The upper domain comprises sillimanite-rich metapelites or 

khondalites with a dominant foliation and is characterised by lower peak-metamorphic pressure and 

later granulite grade structures. It is extensively intruded by S-type granites that were emplaced during 

the second granulite event at 1900 Ma. The intermediate and upper structural domains may have been 

juxtaposed across the low angle decollement zone. 

Granulites in all three domains are characterised by well-developed gneissic fabrics . Foliation 

traces and various lineations within the lower domain underwent strong recrystallisation and as a result 

of doming, display a wide range of orientations. In contrast, lineations in the intermediate domain are 

well preserved and constant in orientation, parallel to the axes of several generations of closed to open 

folds . The lineations plunge shallowly (10-30°) to the SW (between 200-230° ) and delineate the 

extensional direction. Meanwhile, the lineations in upper domain plunge shallowly to the WSW (250-

260\ Sense of shear indicators in the intermediate and upper domains predominantly indicate a top to 

the SW or WSW, normal sense of movement. 
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Microlithons of garnet-bearing, high-pressure mafic granulites that record pressures between 

12-16 kbars, and which formed originally in the lowermost crust, are widespread in the lower and 

intermediate domains. Development of symplectite textures in these rocks, due to a near isothermal 

decompression process, vary in response to different parent mineral assemblages and the stage of 

formation in the uplift history. The symplectites are variably recrystallised and elongated parallel to the 

main regional extensional lineation, indicating that the structural domains developed during 

exhumation of the terrain. Some late brittle normal faults present in the eastern part of the central dome 

may represent continuous uplift at a brittle upper crustal level. These faults did not significantly 

influence the basement rocks. 

Petrological studies show that in the basement, M I reached peak metamorphic conditions of 

12-14 kbar and 800-900 °C during the foliation-forming event, D26a, which transposed an earlier 

S 1 Ba foliation of unknown age and origin. In the allochtonous cover sediments, M I peak-conditions 

of about 8 kbar and 800 °C were reached after a prograde thickening event, D1c0 , forming a bedding

parallel foliation and during which large amounts of S-type granites were emplaced. The localised 

D28 a and D1 c0 structures are interpreted as spatially distinct responses at different crustal levels to 

the Ml metamorphic event. Juxtaposition of basement and allochthonous cover occurred during D3, 

along a large, low-angle normal shear zone. This detachment zone accommodated extension after 

crustal thickening, and allowed unloading of the footwall resulting in a rise of the basement rocks to 

4-6 kbars conditions as deduced from syn-D3 decompression textures. Coeval cooling textures in the 

allochthonous cover sequence indicate that lateral rather than vertical displacements occurred in the 

hanging wall of the detachment. During cycle C6 , M2 peak-conditions of about 4-6 kbar and 650-700 

°C were reached coeval with the development of discrete, left-lateral strike-slip zones (D4/M2), that 

transect both basement and allochthonous cover, and accommodate some uplift. 

The deduced CA and C6 P-T paths have equivalents in many Precambrian granulites. In 

general decompressional paths like the one recorded in the basement rocks, are linked to processes 

involving crustal thickening followed by extensional collapse. 

Investigation of palaeomagnetisation in the granulites show that the magnetic fabric is 

dominated by the 03 foliation and extensional lineation formed during extensional collapse and 

uplift, whilst the magnetic remanence was acquired during later stages of uplift and cooling when the 

temperature fell below the Curie point. The pole positions define a continuous swathe plotting 

between 51 ° E, 20 ° S and 170 ° E, 35° S summarised by group mean poles. They are assigned to the 

interval ca. 2000 - 1840 Ma and extend the apparent polar wander record for the North China Shield 

backwards in time from the record derived from Mesoproterozoic supracrustal successions. 

The present structural and petrological data in combination with the results from 

palaeomagnetic investigations show that the Datong-Huaian granulites have experienced ductile 

extensional detachment and uplifting processes, which occurred in the lower crust after crustal 

thickening. It is concluded that a low-angle detachment may have playc::d an important role in the 

exhumation history of the granulites as long ago as the Archaean-Proterozoic boundary. 
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CHAPTER I 

Introduction and scope of the thesis 

1.1 General Introduction 

Structural analysis of poly-metamorphic granulite terrains is difficult due to the intensity of 

deformation, lack of kinematic indicators and destruction of prograde microstructures (Passchier et a!., 

1990; Hand et a!. , 1992). In contrast, petrological analysis is facilitated by the coarse grain size of 

most granulites, and metamorphic studies of granulite terrains are abundant. Such studies generally 

concentrate on peak-metamorphic textures and retrograde re-equilibration reactions, as prograde 

assemblages are mostly destroyed. So far, tectonic characterizations of granulite terrains strongly rely 

on the interpretations of metamorphic textures resulting in a reconstructed P-T path placed in an 

absolute time frame, following the lead of England and Thompson (1984) and Thompson and England 

(1984) . For example, clockwise isothermal decompressional paths, common in many granulite terrains 

(Bohlen, 1987; Harley, 1989), are typically interpreted to reflect crustal thickening followed by 

anomalous heating due to mantle delamination and magma emplacement resulting in extensional 

collapse. However, the exact geometries and kinematics of the structures responsible for the 

thickening and collapse are rarely discussed, and deformational processes in the lower crust remain an 

enigma. 

Over the last ten years, the importance of extensional tectonic processes in the exhumation of 

deep crust has been documented from a large number of variably aged orogenic terrains around the 

world (e.g. Seranne and Malavieille, 1994). Evidence derived from these studies shows that extensional 

detachments occur at different levels in the continental lithosphere (e.g. Eeckhout, 1988; Malavieille et 

a!., 1990, 1993; Echtler and Malavieille, 1990; Gautier and Brun, 1994; Van den Driessche and Brun, 

1991 ). Tectonic processes involving crustal thickening followed by extensional collapse and tectonic 

denudation are thought to be the main geodynamic controls allowing the rapid exhumation of deeper 

crustal material including granulites (e.g Harley, 1989). Textures and geometries formed at low crustal 

level s, as well as related kinematics have been described from high-grade metamorphic core complexes 

exposed in orogenic domains (e.g. Lister & Davis, 1989; Li ster and Baldwin, 1993; Kusky, 1991 , 

1993; Andersen, 1993; Reinhardt, 1994; Cutshaw, 1994). Structural characteristics of such terrains 

including sets of shallowly to steeply plunging mineral elongation lineations parallel to fold axes, 

ductile shear zones dominated by simple- and pure-shear strain histories and the occurrence of partial 

melt pockets, provide valuable data on the geodynamic processes that occurred in the lower crust 
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during late-orogenic extension. The realisation that extensional collapse is an important process in 

many orogenic terrains has led to the recognition of a great many extensional structures such as sub

horizontal regional foliation domains that were previously interpreted as compressional shear zones 

(e.g. Sandiford, 1991; Cui shaw et al, 1993). 

1.2 Scope of the thesis 

1.2.1 General background to the present study 

A first reconnaissance took place in May 1991 over an extensive area at the beginning of the 

project study. This was followed by a joint field investigation at the selected Datong-Huaian granulite 

terrain by Jiasheng Zhang and Prof. Dr. C.W. Passchier of the Utrecht University in September 1991. A 

joint palaeomagnetism sampling was carried out at the same season by Jiasheng Zhang and Dr. J.D.A. 

Piper of Liverpool University from September to October 1991. A total of 610 cores were produced 

from 52 sites along the north rim of the North China shield from Datong-Huaian area eastwards to the 

Qinghuangdao area. 

During first laboratory work at Utrecht University in 1992, special attention was paid to 

petrological studies on the collected granulite samples. These included microprobe analysis and 

subsequently P-T calculations and microstructural analyses under the microscope. A total of 1756 

probe points were made on 36 selected thin sections from 9 rock types from the granulites. At the end 

of this work, a manuscript on the Extensional Collapse and Uplift in a Polymetamorphic Granulite 

Terrain in the Archaean and Palaeoproterozoic of North China (Zhang et al., 1994) was prepared 

for publication, and a data-base of mineral chemistry was established. 

From January to June 1993, magnetic fabric testing and measurement of magnetic remanence 

were carried out at the palaeomagnetism Laboratory of Liverpool University on the collected cores. 

After a study of the palaeomagnetism data and a comparison with the results from previous field 

investigations and laboratory works mentioned above, a paper entitled Magnetic Fabric and Post

orogenic Uplift and Cooling Magnetisations in a Precambrian Granulite Terrain: The Datong

Huaian Region of the North China Shield (Zhang and Piper, 1994) was prepared for publication. 

The laboratory studies at Utrecht University produced P-T paths which were found to consist of 

clockwise loops with decompressional sections. Although a proposed extensional model explains the 

petrological data, the actual mechanical processes that allowed uplift and extension had been poorly 

constrained. In order to develop a suitable model, structural and directional and kinematic data from a 

number of critical outcrops were recorded during a second and third field investigation carried out by 
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Zhang, Prof. Cees W. Passchier and Dr. Paul Dirks in Sept. 1993 and by Zhang and Dr. Paul Dirks in 

May 1994. 

During the field investigation in September 1993, we identified a number of outcrops in the 

area that provided good potential for detailed structural and metamorphic studies. A number of these 

were visited and mapped out during this field work. Investigations in May 1994 produced a generalised 

litho-tectonic stratigraphy, based on rock units, in the granulites. Both units preserve typical 

decompression-uplift related metamorphic textures such as orthopyroxene-plagioclase coronas 

replacing garnet. A considerable amount of field data concerning the structural geometry and sense of 

shear were obtained during these trips. 

After the above field investigations and subsequent laboratory work, sufficient data were 

gained to better understand the structural and metamorphic evolution of the Datong-Huaian granulites 

and to outline the kinematics of the detachment. During this time two papers, Ductile Extension and 

Uplift of Granulites in the Datong-Huaian Area, North China (Zhang, 1996) and 

Palaeomagnetism and Magnetic Fabrics in Precambrian Metamorphic Terrains of North China: 

Proterozoic Apparent Wander of the North China Shield (Piper and Zhang, 1999), were completed 

for presentation and publishing at the 30th IGC and in Journal of Asian Earth Sciences, respectively. 

1.2.2 Aim and outline of the thesis 

The aim of the thesis is to use precise deformation geometries and kinematics obtained from 

detailed field studies, in association with detailed petrological studies and supporting palaeomagnetic 

studies, to produce and constrain a tectonic model that not only explains the genesis of the granulites 

and the associated decompression textures, but also explains the mechanisms by which they were 

initially buried and subsequently exhumed from a lower crustal level. 

The thesis is divided into four parts. Part I comprises the overall information, part II contains 

the results of the structural analyses, part III contains the results of petrological analyses and 

palaeomagnetic studies and part IV is a discussion of results and the conclusion. Most important data 

deduced from field and laboratory studies are in Part II and Part III, and consist of five published 

papers (see section 1.2.1). These papers do not keep their published form in the thesis but are re

organised as chapters to avoid overlap. All data used for structural analysis are in Chapters 3 to 6, 

whilst petrological and palaeomagnetic data are presented in Chapters 7 to 9. 

General information about the present state of studies on high-grade metamorphic complexes is 

outlined in the Chapter 1 to introduce concepts used in the thesis. Chapter 2 describes the general 

geology of the Precambrian in northern China and gives more details of the high-pressure granulites in 
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the Datong-Huaian area. An outline of the exposed granulites in Datong-Huaian area largely follows 

the stratigraphic subdivisions produced by several previous I to 200,000 maps of the area, although 

further litho-tectonic domains, or subdivisions, belonging to the lower and upper lining Group have 

been made, especially concerning the distribution of metapelitic horizons within the TIG gneiss. The 

grey gneiss and the overlying khondalite series have been referred to as basement and allochtonous 

cover, respectively, in the thesis. 

Part II is the major part of the thesis and describes the most important structural features of the 

Datong-Huaian granulites derived from the detailed mapping of seven selected study areas. Chapter 3 

describes the three main litho-tectonic domains and their representative rock units in the Datong

Huaian area. This is considered as a new contribution to the original subdivision of the stratigraphy 

with emphasis on their litho-tectonic relationships. Because the most obvious structures and textures in 

outcrop are associated with decompression and extension, this chapter pays more attention to the 

definition of the field structures and the nature of decompression textures (section 3.4) in the high

pressure mafic granulites, especially of critical assemblages containing garnet-orthopyroxene

hornblende, in order to give fundamental information for constraining the reconstructed P-T paths later 

produced in Chapter 7. 

The effects of post granulite reworking are described at the beginning of Chapter 4 in order to 

emphasize the structural analyses of the lower crustal rocks presented in the rest of the thesis. A 

deformation sequence describing the structural and metamorphic evolution of the granulites in the 

Datong-Huaian area is presented in the Chapter 4. The actual mechanical processes, including the 

precise kinematics and deformation geometries, that accomodated uplift and extension as proposed in 

this chapter have been largely extended and constrained in Chapters 5-6. 

Chapter 5 describes, at the beginning, the major structural elements and general deformation 

geometries in the granulites studied. These include the nature of the regional horizontal foliations and 

the lineations developed under the high-pressure conditions, together with fold styles and their 

implications for structural analysis. Data obtained from the seven areas of detailed mapping are used to 

constraint the geometry, tectonic pattern and the nature of the various lithological contacts in the areas 

that are related to the D3 exhumation event in the lower-, intermediate and upper domains. 

Chapter 6 describes the kinematics of the dominant deformation event (D3) in the granulites, 

including the type and characteristics of the various indicators used, the sense of shear determined and 

the principle extension directions that occurred during uplift of the lower crust during the extensional 

collapse at a lower crustal level. Evidence for a simultaneous uplift, extension and lateral compression 

that may occur during the extensional collapse are also presented in this chapter. 
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Part Ill begins with Chapter 7 which introduces data on the mineral assemblages in peak-, 

decompression and retrogressive conditions, and metamorphic reaction textures in both TIG gneisses 

and khondalites. Using these data, P-T-d paths are produced and constrained. A computer program 

called "thermocalc II" designed by Powell and Holland ( 1988) was used to calculate the P-T condition 

for the different rock associations. The deduced P-T data are compared with results derived by selected 

thermobarometric calculations and metamorphic reactions to make P-T-d paths more reliable. A brief 

discussion on the relationship between deformation and metamorphism is added at the end of this 

chapter. 

The magnetic fabrics are thought to be not only a useful means to define the orientation of 

strain ellipsoids but also to give data relative to the intensities of deformation in rocks. These studies 

form the basis of a published paper (Zhang and Piper, 1994) and are presented in Chapter 8. 

Chapter 9 introduces the results derived from palaeomagnetic studies that give additional data 

on the uplift I exhumation related part of the tectonic evolution of the granulites. 

Part IV contains the discussion and conclusions. The extensional and uplifting process and a 

tectonic model for the lower crustal geodynamics of the Datong-Huaian granulites are presented in 

Chapter 10, following a discussion on problems related to the tectonic and geodynamic evolution of 

the granulites, including the relationship between metamorphism and deformation, the deformational 

mechanisms, the processes of extension and of uplift I exhumation. 

Abbreviations for minerals and for structural and metamorphic terms used in the thesis are 

listed in Appendix I. Strike and dip are represented as dip direction I magnitude. 
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CHAPTER2 

Introduction to the geology of northern China and of the study area 

2.1 Introduction to the high-grade metamorphic rocks in north China 

Precambrian rocks comprising a metamorphic basement of Archaean to Palaeoproterozoic ages 

and a sedimentary cover from the Mesoproterozoic onwards are intermittently exposed in northern 

China (Fig. 2.1 ). High-grade metamorphic rocks of early Precambrian age have a more widespread 

distribution along the northern margin of the northern China Platform, where the basement is covered 

uncornformably by a broad south-facing monocline in the Meso- to Neo- Proterozoic cover; the dips of 

the cover are mostly less than 10- 15°. Within a ca. 1000 x 250 km belt extending from southern Inner 

Mongolia in the west to Hebei Province in the east (Fig. 2.2) the basement outcrops comprise some 75 

- 85 % gneisses and 15 - 25 % supracrustal sediments (Ma et al., 1984; Qian et al., 1985). The 

basement rocks were all metamorphosed to granulite or upper amphibolite grades during Archaean and 

Early Proterozoic times and have complex deformation histories of comparable antiquity. They can be 

subdivided into five major inliers comprising the Daqingshan (A in Fig. 2.2), Datong-Huaian (B in Fig. 

2.2), Zhangjiakou-Xuanhua (C in Fig. 2.2), Miyun-Huairou (D in Fig. 2.2) and Zhunhua-Qianxi (E in 

Fig. 2.2) regions (Qian et al., 1985). 

In this belt, granulites and associated amphibolites comprise thick sequences of metavolcanic 

rocks interbedded with metapelitic to quartzitic sediments including banded iron formations and 

metacarbonates (Ma and Wu, 1981 ; Ma et al. , 1986, 1987; Chen et al., 1986; Dong, 1986; Qian et al., 

1985; Zhang, 1991). These supracrustal rocks are tectonically interleaved with charnockites and grey 

gneisses of tonalitic-trondjemitic-granodioritic origin (TIG gneiss), and intruded by granitic to 

granodioritic plutons. Direct stratigraphic relationships between the metasedimentary sequences and 

the grey TIG gneiss and associated metabasic enclaves are obscured due to the intensity of the later 

deformation and metamorphism. However, rocks with the oldest absolute ages have been derived from 

the TIG gneiss association (see below), which suggests that in general the grey gneisses predate the 

metasediments. The metasedimentary-metavolcanic sequence in the granulite belt has been described 

as the Wulashan Group (Fig. 2.2, A), Jining Group (Fig. 2.2, B) and Chongli Group (Fig. 2.2, C) in its 

western segment between Inner Mongolia, Hebei and Shanxi Provinces (Ma and Wu, 1981 ; Chen et 

al., 1986; Qian, 1985, 1994), and the Qianxi Group and Badaohe Group (Fig. 2.2, E) in its eastern 

segment of Hebei Province (Sun, 1984; Qian et al., 1985; Cui, 1991; Bai et al , 1993), and Miyun 

Group in the middle segment (Fig. 2.2, D). The granulite belt has been correlated with the Hengshan 
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complex (Fig. 2. 1, F) and Fuping Group (Fig. 2.1 , G) to the south in northern and central Shanxi 

Province (Chen et al., 1986; Wang R. et al., 1991 , 1994). 

The following tectonic models have been proposed to explain the occurrence of the granulites: 

(I) the granulites represent the exposed root zone of an Andean-type orogenic zone (Qian et al., 1985; 

1987;); (2) the granulites represent a remnant landmass of early Archaean age similar to the Caozhuang 

Complex in eastern Hebei (Zhao, 1988, 1993; Zhai et al., 1994, 1996); (3) the granulites represent 

sialic lower crust of late Archaean origin within larger scale granulite-charnockite (mobile) belts 

(Wang R. et al., 1994); (4) the granulites represent lower crust exhumated during Palaeoproterozoic 

extension of a previously thickened crust (Zhang et al., 1994). 

o Yinchuan 

-Archaean 
[]]] Lower Protero zo ic 

Archaean and Lower Proterozo ic 

I::>> I Middle and Upper Proterozoic 

Figure 2.1 Distribution of the Precambrian rocks in northern China. The high-grade rocks mentioned in the text are: [A]
Wulashan Group; [B]-Jining Group, the study area is indicated by a white square; [C]-Chongli Group in Zhangjiakou
Xuanhua area; [D]-Miyun Group north Beijing; [E]-Qianxi and Badaohe Group in eastern Hebei; [F]-Hengshan complex in 
north Shanxi; [G]-Fuping Group in central Shanxi. 

The granulite belt records the effects of a range of thermal events. Age constraints for these 

rocks suggest a late- to middle Archaean origin. Crustal formation ages of 3.3-3.5 Ga from eastern 

Hebei (Huang et al., 1986; Jahn et al., 1987) reflect a major episode of thermal activity during the early 

Archaean. In the Datong area, oldest ages of 3323 ± 44 Ma (Kroner et al., 1987), 3454 ± 54Ma (Liu D. 

23 



et al., 1990), and 3.54 Ga (Zhao, 1993) were reported all with a large uncertainty (see details in section 

2.2.2), whilst metabasic enclaves correlated with the grey gneiss in the highly metamorphosed mainly 

metavolcanic sequence of the lower Qianxi Group in eastern Hebei yielded Sm/Nd isochron ages of 

circa 3500 Ma (3500 ±80 Ma, Huang et al. , 1986; 3470 ± 107 Ma, Jahn et al., 1987). 

A second thermal event occurred between 2.8-3.0 Ga and was associated with the 

emplacement of granites in eastern Hebei (Liu D. et a!., 1990) and mafic dykes in the Datong area 

(Zhai et al., 1992). Lower age limits of 2980 Ma and 2600 Ma have been established for the Qianxi 

Group and Badaohe Group from emplacement ages of intrusive granites (U-Pb zircon, Liu D. et a!., 

1990). This is consistent with a minimum age of 2560 ± 6 Ma and a poorly defined upper age limit of 

2800 Ma (U-Pb, zircon, Liu D. et al., 1985, 1996) for the Fuping Group. Metamorphosed mafic lenses 

possibly representing intrusive dykes which occur in the grey gneiss near Zhangjiakou and Henshan 

(Fig. 2.1) yielded ages of 2790 ±!55 Ma (Rb/Sr, whole rock; Gao and Gao, 1988) and 2818 ± 86 Ma 

(Srn/Nd isochron, Wang R. et al., 1991), and give a lower age limit for the grey gneiss association. 

Figure 2.2 Distribution of high-grade metamorphic rocks (stippled area = granulites) along the north rim of North China 
Platform (see Fig. 2.1). A-Daqingshan region (Wulashan Group), 8-Datong-Huaian terrain (Jining Group); C-Zhangjiakou
Xuanhua terrain (Chongli Group); D-Miyun-Huairou terrain (Miyun Group) ; E-Zhunhua-Qianxi terrain (Qianxi and 
Badaohe Group) . 

A major thermotectonic event associated with widespread granulite facies metamorphism and 

the emplacement of intrusives ranging from diorites to granites (Liu D. et al., 1985, 1990) occurred 

between 2400-2500 Ma. Metamorphic zircons with this age (U-Pb) have been reported from the 

granulite-grade Qianxi Group and Badaohe Group in eastern Hebei (Pidgeon, 1980; Liu D. eta!., 1985, 

1990, 1996; Wang K. , 1988), and from the granulite- to amphibolite-grade Fuping and Wutai Group in 

central Shanxi (Liu D. et a!., 1985), whilst Compston et a!. (1983) described metamorphic 

reequilibration of the Rb/Sr system at the scale of the gneissic layering. Zircon ages of around 2500 

Ma have also been reported from the grey gneiss and khondalite in the Datong area (Chen et al., 1986, 

1989; Condie et a!, 1993), but for these zircons no clear specification of origin was given and it can 

only be guessed that they were metamorphic (see also Guo and Zhai, 1994). A Rb/Sr whole rock age of 

2500 Ma for an intrusive mafic dyke near Datong (Shen et al., 1986, 1989) presents a lower age limit 

for the Jining Group. 
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Further events associated with the emplacement of granites and pegmatites and reequilibration 

of the Rb/Sr system at grain-scale occurred around 2200 Ma (Liu D. et al., 1985; Wang K. et al., 1985, 

1990; Sills et al., 1987; Sun R. et al., 1987; Sun et al, 1992) and between 2000-1800 Ma (Compston et 

al., 1983; Jahn and Zhang, 1984; Jahn et al., 1988). The latter of these events caused complete lead 

loss and restricted new-growth of metamorphic zircon in the high-grade parts of the Fuping Group 

(1840 ± 45 Ma, Liu D. et al., 1985). In the Datong area this event is manifested by a suite of S-type 

granites that intruded the strongly deformed and metamorphosed khondalite, and yield Rb/Sr whole 

rock ages of 1970 Ma to 1840 Ma (Shen et al., 1989). 

Petrological studies show that the northern China granulite belt records an uplift related 

cooling history. Metamorphic conditions in Miyun-Huairou area attained temperatures of 650- 700 °C 

in the amphibolite facies and 800 +1- 30 °C at pressures of 8-13.5 kbar in the granulite facies (Lu, 

1991). Three metamorphic events are recognized in Zhunhua-Qianxi area (Fig. 2.3). The conditions of 

granulite facies metamorphism reached temperatures of 739-1068 °C (Zhang and Cong, 1981; Wang 

and Chen, 1986; Bai et al., 1984; Qian et al., 1985) at pressures of 11.9-14.2 kbar (Zhang and Cong, 

1981, Qian et al., 1985) or 8-11 kbar (Sun, 1984 ); The amphibolite metamorphic facies shows a 

transition outward from high amphibolite to epidote amphibolite grades and record peak conditions of 

500- 760 °C and 6-10 kbar; A volcanic-sedimentary succession from the Palaeoproterozic Qinglong 

Group was metamorphosed to lower amphibolite-epidote facies at -2000 - 2100 Ma when 

metamorphic conditions attained 500-600 °C at 5.5-7.0 kbar and -500 °C at 4-6 kbar (Sun, 1984). 
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Figure 2.3 The temporal change in P-T conditions in the Zhunhua-Qianxi area (for location see Figures 2.2) compiled 
from the results of authors as indicated in the figure. Also shown are the approximate stages in the metamorphic evolution of 
the basement from circa 800 °C to circa 500 °C. 
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The time sequence of metamorphic conditions summarised in Figure 2.3 defines a clockwise P

T-t scheme very similar to that resolved in other Precambrian gneiss complexes and generally 

interpreted to reflect crustal thickening during a compressional phase followed by extensional collapse 

(Harley, 1988). 

The most common age determinations of the granulite facies metamorphism are in the range 

2460-2517 Ma (Rb-Sr and Sm-Nd isochron ages, Bai eta!. , 1984; Cui et al. , 1989; Jahn eta!., 1990; 

Liu D. et a!., 1985). Ages derived from upper amphibolite facies are comparable to those from the 

granulites and are in the range 2450- 2650 Ma (Bai et al. , 1984; Cui et al. , 1989) suggesting that the 

upper grade amphibolite facies metamorphism was rapidly succeeded by the granulite facies in Late 

Archaean-Early Proterozoic times. Metamorphism at lower amphibolite to epidote grades is dated at 

2080-2200 Ma (Bai et al. , 1984) broadly contemporaneous with polyphase granitoid intrusion and 

pegmatite emplacement at around 2200 Ma (Liu D. eta!. , 1985; Sun, 1984). 

In the literature, three tectono-metamorphic events have been described from the Datong-Huian 

area and adjacent areas to the west. High-pressure granulite (P > 14 kbar, T - 800 °C) has been 

described from a metabasite body in Manjingou area (Fig. 2.4; Zhai et al. , 1992) and metabasite rafts 

in the grey gneiss elsewhere in the Datong area has yielded maximum pressure estimates of 12-14 kbar 

(Cui , 1982; Qian et al. , 1985). Similar high pressures (at 13.9 kbar) were obtained from metabasite in 

the Zhangjiakou-Xuanhua area (Fig. 2.1 , area C), 100 km east of Huian, and from inclusions of 

metabasite (at 12.7-16.8 kbar and 762-900 °C) in tonalitic grey gneiss in the Hengshan area (Fig. 2.1 

area F and Fig. 2.2) about 100 km south of Datong (Wang R. eta!., 1991). Although no direct age 

constraint is available for the high pressure event, it has been suggested that the metamorphism reflects 

Mesoarchaean conditions (eg. Zhai et al. , 1992, 1994) because the event is limited to the metabasites in 

the grey gneiss which has age limits of 2818-2790 Ma as mentioned above. Several of these are 

associated with well-developed decompression textures explained by clockwise P-T-t paths, but there 

remains a need to place the textural development in a structural framework. 

Two lower pressure granulite facies events that affected the basement rocks together with the 

allochtonous cover sequence in the Datong-Huaian area have also been described (Lu, 1991 , 1992; Liu 

D. et al. , 1992). The earlier of these two events was interpreted as the first regional granulite facies 

metamorphism to affect the khondalite and involved sillimanite-garnet-rutile assemblages that 

progressively formed after kyanite, at peak conditions of 8-10 kbar and 800-900 °C (Lu, 1991). The 

later event is characterized by cordierite-garnet-sillimanite assemblages that formed at 4-6 kbars and 

680-730 °C (Lu, 1991 ; Yan eta!., 1991). Although Lu (1991) interpreted these events as separate 

metamorphic episodes at 2400 and 2000-1800 Ma, Liu D. et al. (1992) describe similar assemblages 

forming one clockwise P-T-t paths between 2100-1800 Ma. None of these age constraints were 

confirmed by direct dating, and considering the regional importance of the 2400-2500 Ma event it is 

likely that most high-grade metamorphism and associated penetrative deformation occurred around 

26 



that period, whilst more localized deformation and lower-grade reactivation is expected to have 

occurred around 1800-2000 Ma. 

The central part of the northern China granulite belt is a suitable area for structural

metamorphic correlations because of the juxtaposition of a granodioritic basement (TTG gneiss) 

overlain by allochtonous poly-metamorphic metasediments (khondalites) with different, but related 

structures and P-T histories (Zhang et al., 1994). The TTG gneiss and the khondalites are tectonically 

juxtaposed and complexly infolded, and the latter serve as an excellent marker unit within the TTG 

gneiss highlighting the complicated geometry of many of the structures. Both lithologies preserve 

decompression-related metamorphic textures, but decompression in the TTG gneiss occurred over a 

wider pressure range from 14 to 6 kbar whereas the khondalites record decompression from 9 to 5 kbar 

(Zhang et al., 1994). To explain the different P-T characteristics (especially peak-P conditions) 

between both units , Zhang et al. (1994) suggested that juxtaposition of both units may have occured 

across a low-angle detachment during the exhumation of the TTG gneiss. Although this model explains 

the petrological data, the actual mechanical processes that allowed uplift and extension have been 

poorly constrained. Clearly there is a need for detailed structural-metamorphic analyses of granulite 

terrains. 

2.2 Introduction to the granulites in Datong-Huaian area 

2.2.1 General information and lithology 

The Datong-Huaian high-grade metamorphic complex lies in the central part of the granulite 

belt (Figs 2.2, 2.4) and was systematically investigated during regional mapping in the mid-60's. The 

most detailed maps were assembled on a I to 200,000 scale by three local geological parties from the 

adjacent provinces of Hebei, Shanxi and Inner-Mongolia during the period between 1967-1972. The 

granulitic rocks in this area have been collectively classified as the Jining Group of Archaean age (Li 

and Dai, 1963), and sub-divided into a lower basement unit and an upper cover unit composed of 

metasediments. The basement unit belongs to the grey gneiss association (mainly TTG gneiss) overlain 

by an upper unit of Al-rich metapelitic sequence referred to as the khondalite series (Qian et al., 1985; 

Shen et al. 1989, 1994; Condie et al., 1993). 

The TTG gneiss mainly consists of felsic granulite with a tonalitic to granodioritic composition 

and a mineralogy that includes orthopyroxene-clinopyroxene-plagioclase-quartz-amphibole-biotite 

(Qian et al., 1985; Shen et al., 1989, 1994; Chen et al., 1989). These gneisses are intercalated with 

isolated bodies of banded iron formation and lenses of mafic to ultramafic granulite possibly derived 

from dykes. In general, the TTG gneiss at the base of the lower Jining Group is dominated by 

pyroxene-bearing mafic to intermediate rocks, which gradually become more felsic and biotite

amphibole-rich (charnockitic) towards its top. Several metapelitic horizons can be recognized within 

the TTG gneiss, which may serve as tectonostratigraphic marker horizons. 
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The khondalite series comprise meta-sedimentary sillimanite-garnet gneiss and quartz-garnet 

gneiss with minor quartzite, calc-silicate and graphite gneiss, interbedded with quartz-feldspar-biotite 

gneiss of metavolcanic origin (Condie et a!. , 1993). These have been intruded extensively by post

orogenic S-type granites. In the central part of the terrain the proportion of the quartz-feldspar-biotite 

gneiss gradually increases at the expense of the sillimanite-garnet gneiss and SE of Wayaokou (Fig. 

2.4) quartz-feldspar-biotite gneiss constitutes the larger part of the khondalite series. 

0 10 20km 

[!J palaeomagnetic sampling area and site 

D TTG gneiss ~ khondalite series [I] Mesoproterozoic sediments 

• mafic to ultra-mafic basement inclusions w syn-tectonic granite 

CJ S-type granite [!] outcrop ofhigh-P mafic granulite 0 F4 a"Xial trace 

l.::<tl D3 high strain zone 0 D4 shear belts ~ Phanezoic faults 

[(!?:: sample number and location I 8.0 n 1 8oo.90o oc I estimated P-T condition and location 

Figure 2.4 Geologic map shows the principal lithological units of TTG gneiss, khondalite series with S-type granite and 
unmetamorphosed Mesoprotrozoic sediments in the Datong-Huaian area. The presented P-T conditions for high-pressure 
granulite were estimated by !-Cui (1982); 2-Qian et al. ,(l985); 3-Zhai et al., (1992); 4-Liu D. et al., (1992); 5-Zhang et al., 
(1994); 6-Wang R. et al., (1994); 7-Yan, (1994); 8-Mei et al ., (1994); 9-Geng et al., (1994). Sample numbers, locations of 
high-P rocks and palaeomagnetic sampling areas mentioned in the text, and used for Fig. 7.6, 7.7 and Table 7.2 as indicated. 
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Due to the intensity of post-depositional deformation and the fact that the contact between grey 

gneiss and khondalite is parallel to graphitic marker horizons in the khondalite, this contact has been 

interpreted as an unconformity (Qian et a!., 1985, 1987). However, because the contact is always a 

high strain zone (see below) juxtaposition was probably tectonic, which is consistent with geochemical 

provenance studies by Condie et a!. (1993), who demonstrated that the sedimentary part of the 

khondalite series could not be derived from the local Archaean TIG source. 

2.2.2 Appraisal of the previous isotopic age dating 

The complex igneous-metamorphic history of the area, the lack of a precise structural

metamorphic framework and a general paucity of unambiguous age data lead to significant 

uncertainties in the precise chronological history of the granulites. A minimum age of the granulites in 

the area can be obtained from unmetamorphosed Mesoproterozoic cover sediments that were deposited 

between 1840-900 Ma (Sun, 1984), and from multiple sets of undeformed dyke swarms that intruded 

from 1664 to 1229 Ma (Chen X., 1982; Qian et a!., 1987). More exact ages for the Archaean and 

Palaeoproterozoic thermo-tectonic events are less certain, although precise single-grain SHRIMP and 

ID-TIMS ages have recently become available (Liu D. eta!., 1996). A subdivision of published age 

data for the various lithological units is illustrated in Fig. 2.5 and described below. 
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Figure 2.5. Diagram showing age distribution of the Datong-Huaian granulites. References are mentioned in the text. 
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2.2.2.1 Ages in the TTG gneisses 

The age of the lower Jining Group rocks may be as old as early to middle Archaean. Kroner et 

al. (1987) reported a U-Pb zircon date of 3323 ± 44 Ma from a tonalite near Datong. The exact sample 

locality is unknown to us. Similar Pb-Pb whole rock isochron ages of 3454 ± 54Ma (Liu D. et al. , 

1990), and 3.54 Ga with large uncertainty (Zhao, 1993), have been reported from granulites in the 

Huaian area. Most dates derived from the TTG gneiss range from the late Archaean to 

Palaeoproterozoic. These include: 

(i) A gametiferous mafic granulite from the Manjingou area which yielded a Sm-Nd WR age of 

2647 ± 115 Ma (Guo et al., 1994, 1996) and which was interpreted as a crustal formation age. 

(ii) Grey Gneiss within the Huaian complex yielded complex zircon populations with SHRIMP 

zircon U-Pb age groupings of 2.76 Ga, 2.61 Ga, 2.50 Ga and 2.30 Ga (Liu D. et al., 1996), confirming 

a complex thermal history, and a period crustal formation between 2760-2600 Ma. 

A U-Pb discordia age of 2467 ± 54/35 Ma (Shen et al., 1994) from a biotite-bearing 

hornblende-plagioclase gneiss near Huangtuyao SW of Wulidong (Fig. 2.4) was interpreted as a 

minimum estimate for the granulite facies metamorphism. A similar age was reported by Guo et al. 

( 1994, 1996) for tonalitic gneiss in the Manjingou area near South Huaian (near the Dam site), which 

yielded a discordant U-Pb age of 2402 ± 917 Ma. However, this sample had many grains away from 

discordia, which were not included in the calculation while grains with obvious U-enrichment were. 

The sample confirms a complex multi-stage thermal history for the area. Better constrained U-Pb 

zircon ages are collected from the Huaian complex by Liu D. et al. (1996), who report a six-grain 

discordia, upper intercept age of 2.43 Ga (ID TIMS) for a strongly deformed tonalite with 207Pb/206Pb 

age groupings of 2.46 Ga and 1.81 Ga. They report upper intercept, discordia ages of 2.46 Ga and 2.48 

Ga for charnockites in the area. These ages are interpreted as crystallisation ages (Liu D. et al., 1996), 

and imply that the charnockites were emplaced during granulite facies metamorphism. These dates give 

estimates for the age of metamorphism. Liu D. et al. (1996) report further U-Pb dates from a 

granodiorite sample with a complex zircon population yielding SHRIMP ages of 2.51 Ga, 2.44 Ga, 

2.20 Ga and 1.85 Ga. Shen et al. (1987) report further upper intercept, discordia U-Pb ages of 2382 ± 

16/15 Ma and 2339 ± 13 Ma from a leuco-hornblende-two pyroxene granulite west of Wulidong (Fig. 

2.4) . The nature of the zircon population in these samples was not fully discussed. A U-Pb zircon 

discordia age of2374 Ma was reported by Wu and Han (1989). 

Younger ages also occur in the area. Liu D. et al. (1996) interpreted reported ages of around 

2.20 and 1.85 Ga (see above) as thermal events. A syn-kinematic K-feldspar-rich granite from 2 km 

south of Manjingou (Fig. 2.4) yielded a U-Pb discordia age of 2144 ± 47/36 Ma, which was interpreted 

as a crystallisation age (Guo et al. , 1994). Zircon from two-pyroxene-bearing plagioclase-hornblende 

gneiss near Huangtuyao SW of Wulidong (Fig. 2.4) provided a U-Pb discordia age of 1958 ± 38/23 
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Ma, interpreted as a thermal event (Shen et al. , 1987). The garnetiferous mafic granulites in the 

Manjingou area yield an Srn/Nd mineral isochron age of 1824 ± 18 Ma although the precision of this 

age is strongly determined by one garnet outlier (Guo et al., 1994). A U-Pb discordia age of 1833 ± 

23/24 Ma was obtained from these same rocks for a limited number of zircon grains from a larger and 

more complex population of unknown characteristics (Guo et al., 1994). Two selected zircon grains 

from charnockite north of Mashikou plot near concordia and give an age of 1820 Ma (error margins not 

provided) which was interpreted as an emplacement age (Guo et al., 1994). 

2.2.2.2 Ages in the metasediments 

The oldest age estimates from the metapelites include a Rb/Sr WR isochron age of 23 16 ± 38 

Ma from a number of metapelitic samples from the upper Jining group (Shen et al., 1987). Deformed 

mafic dykes within the metapelites north of Xiaobazhi yield a Sm-Nd isochron age of 2270 ± 17 (Zhai 

et al., 1992; Guo eta!., 1994) and an Rb-Sr WR isochron age of 2437 ± 160 Ma (Note an initial 87Sr 

/
86Sr ratio of 0.6995 ± I was reported). Chen et a!. (1989) quote an Rb-Sr date of 2497 Ma for this 

same unit, but provide no details. Allanite from an intrusive pegmatite yielded an U-Pb age of 2359 Ma 

reported by Li P. and Dai M. ( 1963). Condie et al. (1993) mention preliminary dating results of 2450-

1950 Ma for "detrital" zircons from khondalite S of Jining, but do not document the interpretation 

"detrital" , and they may be dealing with metamorphically rounded zircon. 

Younger ages from the metapelites are better constrained. Discordant, zircon U-Pb ages from 

metasediments SW of Wulidong (Fig. 2.4) include 1962 ± 69/64 Ma, 1821 ± 12 Ma, and 1957 Ma, 

interpreted to reflect a metamorphic overprint (Shen et al., 1987). A U-Pb discordia age from the 

khondalite near Xiaobazhi (Fig. 2.4) yielded an upper intercept age of 1892 ± 23/19 Ma (Guo et a!. , 

1994). K-Ar ages of white mica, biotite and phlogopite from the upper Jining group all fall in a time 

bracket between 1975-1800 Ma (Li et al. , 1963). 

2.2.2.3 Summary of the ages 

Interpretation of most of the above U-Pb ages is difficult because incomplete data sets have 

been presented and zircon petrography is lacking. Most authors do not mention inherited or multi

staged zircon populations even though it is obvious from the scatter of results that these must be 

present. Only Liu D. et al. ( 1996) present a comprehensive overview of the various zircon populations. 

Combining the above dates, the following conclusions may be drawn regarding the thermal

tectonic history in early Precambrian of the area, and conform with the interpretations presented by Liu 

et al. (1996) and Wang R. eta!. (1994). An early crustal forming episode occurred during the mid

Archaean (circa 3.4 Ga) and was followed by a further episode of crustal formation between 2700-2600 

Ma. The khondalites may have been deposited around this time. A first high-grade metamorphic event, 

associated with the formation of the high-P granu lites in the area occurred between 2500-2400 Ma. 

This event affected both basement and khondalite units. A further thermal event and an associated 

phase of granite intrusion may have occured aound 2200 Ma although the exact nature of this event is 
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unclear. Around 1900 Ma the area experienced a pervasive high-grade metamorphic overprint, visible 

as a second generation of granulite grade assemblages (Zhang eta!., 1994). By 1800 Mathe area had 

stabilised and was exhumed. From the Mesoproterozoic onwards, the area was covered again by 

sediments, of which only the Precambrian rock units are weakly metamorphosed, and was final 

exhumed to the surface during late Mesozoic. 

2.2.3 Results of previous petrological and P-T -t studies 

In the Datong-Huaian granulites (see Figs 2.4), published P-T estimates vary for the TTG 

gneiss units and the khondalites (Figs 2.6 and 2.7); the latter generally record lower peak-pressures. 

In the TTG gneiss (Fig. 2.6), estimates have been derived for inclusion assemblages, peak

metamorphic assemblages, corona textures and post-kinematic reaction rims (e.g. Zhang eta!., 1994). 

The first three assemblage groups are related to the pervasive granulite events described in this thesis, 

which probably occurred around 2500-2400 Ma (Zhang eta!., 1994). The reaction rims may have 

formed in response to a second, 1900 Ma metamorphic overprint. The highest grade assemblages have 

been derived from garnet-quartz-pyroxene-bearing mafic granulite lenses, which occur throughout the 

area. The peak assemblage defined by granoblastic matrix grains and inclusion assemblages of cpx-opx 
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Figure 2.6. Estimated P-T conditions in the TTG gneisses. The disrupted line with an arrow showing a P-T path 
according to the metamorphic textures mentioned in the text. 
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-gnt-plag-q-hbl yielded P-T conditions of 12-15 kbar and 800-900 °C (Figs 2.4, 2.6). The garnet in the 

matrix assemblage is generally replaced by a reaction corona including opx-plag-hbl, which yield 

estimates of 7-9 kbar and 750- 820 °C (Liu J., 1989; Zhai eta!., 1992; Zhang eta!., 1994). Late, post

kinematic reaction rims of px-hbl-plag formed at 4-6 kbar and 650-700 °C (Zhang et al., 1994). It must 

be noted that for different bulk compositions, matrix assemblages provide estimates across an entire 

pressure range of 16 to 8 kbar (Fig. 2.4). Likewise, different mineral pairs within the same mafic 

granulite yield a similarly wide range of P estimates, indicating that thermodynamic equilibrium was 

only attained at the grain-scale. 

In the khondalite (Fig. 2.7), a prograde inclusion assemblage was described by Lu et al., (1992) 

and recorded conditions of at least 6-7 kbar at 600-700 °C. Peak-assemblages formed during the main 

granulite event and record P-T conditions that range from 7-10 kbar at 700-900 °C (Liu J., 1989; Lu et 

a!. , 1992; Liu X. eta!., 1992, 1994; Zhang eta!., 1994). Retrograde corona assemblages of plag-hbl 

around garnet in mafic garnet-bearing lenses in the khondalite formed at 7-9 kbar and 750-800 °C 

(Zhang et al., 1994) and suggest that decompression occurred in these rocks. This is also confirmed by 

the retrograde replacement of early kyanite by sillimanite (Lu et al., 1992). Later reaction rims formed 

during a second metamorphic overprint, probably around 1900 Ma (Zhang et al., 1994 ), and yield P-T 

estimates of 4-6 kbar at 650-750 oc (Lu et al. , 1992; Liu X. eta!. , 1992; Zhang et al. , 1994 ). 
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Figure 2.7. Estimated P-T condi tions in the khondalites. The dashed line with an arrow shows aP-T path based on the 
metamorphic textures mentioned in the text. 
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The reconstructed P-T paths shown in Figure 2.6 and 2. 7 are based on the sequences of 

thermal events derived from metamorphic reactions described above. The dominant early (2500-2400 

Ma) events in both the TIG gneiss and khondalites (Figs 2.6, 2.7) are characterised by clockwise loops 

dominated by cooling in the khondalites, and by 6-8 kbars of (near-isothermal) decompression in the 

TIG gneiss (Zhang et al. 1994). The differences between these paths may be real , or could be an 

artifact of the difference in bulk composition and closing temperatures and pressures for the mineral 

systems used in the calculations. Zhang et al. (1994) suggested that the paths are real (see details in 

section 7 .6, Chapter 7), and that the khondalites and TIG gneisses were juxtaposed during the 

exhumation history of the TIG gneiss. The second generation, lower-P assemblages recorded in both 

the TIG gneiss and the khondalites reflect a reheating event, associated with granite intrusions and 

minor decompression (Liu X. et al., 1992; Zhang et al., 1994). 

2.2.4 Various interpretations on the origin of the high-pressure Datong-Huaian granulites 

The Datong-Huaian granulites were recognised as a high-P granulite terrain over the last ten 

years when they have received much attention, mostly from metamorphic petrologists who have tried to 

document the nature and distribution pattern of the high-P assemblages (e.g. Zhai et al., 1992; Zhang et 

al., 1994; Wang R. et al., 1994). The recognition of high-P (12-16 kbar) gnt-cpx-pl-q assemblages in 

the Datong-Huaian area and adjacent terrains led to the idea that the structures resulted from 

compressional tectonic activity in a collisional setting. Two different collisional geometries have been 

proposed (Fig. 2:2). Zhai et al. (1992, 1994) and Guo et al. (1993, 1994), based on studies in the 

Manjingou area, proposed a NE trending collisional zone composed of a high-P granulite belt and a 

parallel belt rich in k-feldspar granite intrusions. This belt is thought to be an Archaean collision zone 

between the Huaian landmass to the NW and Hengshan Block to the SE. In contrast, Wang R. et al. 

(1994) reported an E-W trending, late Archaean collision zone throughout the NE end of the Datong

Huaian terrain based on studies near Dahugou and similar rocks in the adjacent Zhangjiakou-Xuanhua 

and Congli terrains (see Fig. 2.2). They suggest that the E-W trending col::sion zone forms the 

boundary between the Huaian granulite-ch:..mockite terrain to the S and the Congli greenstone belt to 

the N. Zhang et al (1994) emphasized that the high-P granulites are not restricted to discrete belts or 

zones, but instead are widespread throughout the Datong-Huaian area as differently sized tectonic 

lenses embedded in strongly sheared host rocks. They suggest that a regional high-P terrain was formed 

at the lowermost crustal level with unknown orientation at an early stage of crustal thickening which 

was then exhumed from below a low-angle detachment. The controversies mentioned above illustrate 

the lack of structural-kinematic constraints and geometrical understanding for the granulites at Datong

Huaian. These models, which are h•rgely based on petrological considerations, are not necessarily 

mutually exclusive, but reflect a lack of exact knowledge concerning the geometries and structural 

processes involved in the exhumation of granulite terrains. 

34 



PART II 

STRUCTURAL ANALYSIS 

35 



CHAPTER3 

Rock associations and litho-tectonic domains* 

3.1 Introduction 

Although rock associations of the Jining Group are generally subdivided as a TIG gneiss 

basement and a metapelitic cover comprising the khondalites, components of both the basement and 

cover are in fact in a more complex tectonic-stratigraphic relation possibly due to an earlier orogenic-related 

thrusting and to a later phase of extensional collapse. The rock type changes across a strongly deformed 

structural/metamorphic sequence dominated by a horizontal , tectonically induced layering. 

On the basis of distinct lithologies, outcrop-scale deformation patterns and regional structural 

relationships, the 2500-2400 Ma granulites in the Datong-Huaian area can be sub-divided into three 

litho-tectonic domains (Fig. 3.1), the lower, intermediate and upper domains. Besides these three 

domains, a series of steeply dipping NE-SW trending high strain belts occur in the mid-west part of the 

terrain (see Fig. 5.19). These belts are generally several tens to about 100m wide, and affect rock units 

of both the intermediate and upper litho-tectonic domains. 

3.2 Lower litho-tectonic domain 

The lower litho-tectonic domain is restricted to the stratigraphically lower part of the TIG 

gneiss, including a more mafic granulite unit (L-TIG I) at the base and more felsic rock associations 

(L-TIG2) towards the top (Fig. 3.1). In general, the lower unit (L-TIG1) appears to be dominated by 

(>50%) mafic lithologies, especially diorites and tonalites, whilst structurally higher levels (L-TIG2) 

in this domain contain more (>50 %) trondjemmitic to charnockitic rocks. The lower litho-tectonic 

domain is characterised by domal or synformal structures (Figs 5.6 and 5.7). Uplift related fabrics were 

found to be an important feature in this domain. The lower domain is characterised by the following 

structural trends: 

1) highly variable foliation and lineation orientations; 

2) the occurrence of more than one gneissic layering, and hence truncations and transpositions of 

different gneiss foliations ; 

3) the occurrence of several interfering fold episodes (see Fig. 5.3 and the details in section 5.1 .2); 

4) the strongly recrystallised nature of the foliation and lineation , generally obliterating mineral 

' Some of the contents used in the Chapters from 3-6 are published separately in two papers by Zhang et al. , 1994 and 
Zhang, 1996, but are re-organized in these Chapters. 
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lineations defined by individual grains ; and 

5) by the occurrence of undeformed chamockites and leucosome. 

N 
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D Upper Khondalite series 
Upper litho-tectonic I . 
domain e±:3 S-type granite 

~ Mid khondalite series -metadiorite 
D . Upper TTG gneiss 

GJ Archaean granite 
Intermediate litho- D Mid ITG2. Bi-gneiss intercalated with 

[±] Mesozoic granite tectonic domain basic granulite and Siii-Gntl gneiss lenses 

!:a 
~ Lower Khondalite layer 

brittle fault Mid ITG I. pyroxene-bearing Bi-rich D 
[]]]]) Mesoproterozoic cover 

gneiss with Sill-Gnt gneiss layering 

[2] unconformity D Lower TTG2. Felsic granulite . 
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D detailed mapping area domain -Lower ITG I. Mafic granulite 

Figure 3.1. Lithological map shows the three litho-tectonic domains with various rock associations in the 
Datong-Huaian granulite terrain . The intermediate domain lies on top of the TTG gneiss dominated lower domain and is 
mostly distributed around a major domal uplift at the eastern part of Wayaokou-Mashikou. A sillimanite-garnet gneiss layer 
in the lower part of the intermediate domain can be traced continuously around the major dome. Large squares illustrate the 
seven detailed mapping areas. 
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3.3 Intermediate litho-tectonic domain 

Rocks in the intermediate litho-tectonic domain are complex and variable (Fig. 3.1 ). A 

predominant rock association consists of biotite-rich gneiss, including a lower pyroxene-bearing unit 

(M-TIG I) and an intermediate pyroxene-free gneiss unit (M-TIG2), with lenses or microlithons of 

mafic gneiss and/or metapelitic granulite that have the same lithology as those in the lower and upper 

domains. A -50 m thick sillimanite-garnet gnei ss layer (L-khond) occurred intermittently between the 

M-TIGI and M-TIG2 (Fig. 3.2). This domain is characterised by a single folded foliation (see Figs 

4.2 and 4 .3C-E) and less intense recrystallisation. It has the following structural characteristics: 

l) a strongly foliated tectonic melange which acted as a major macro-scale decollement; 

2) a lineation with constant orientation over the outcropping area; 

3) the occurrence of only one gneissic layering with some isoclinal intrafolial folds ; 

4) good preservation of mineral lineations defined by individual grains because recrystallisation of 

the dominant fabric elements is not pervasive. 

Figure 3.2 An outcrop of the lower khondalite rock unit whi ch is ,! ructurally interleaved in iTG gneiss. Photograph from 
Manjinggou area. 

Across the main tectonic layering in the granulites from E to W, a gradual change in rock types 

occurs. The lower part of the intermediate litho-tectonic domain is well exposed NE and SE of 

Tianzhen, whilst the upper parts are well exposed in outcrops NW of Yanggao. East of Tianzhen, the 

intermediate litho-tectonic domain comprises three rock units: (I) A px-bearing and biotite rich TIG 

gneiss (M-TIG l ): the lower unit of the middle TIG gneiss association ; (2) A -50 m thick khondalite 
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layer: the Lower Khondalite unit (L-khond); (3) A TIG gneiss-granite (M-TIG2): the middle unit of 

the Middle TIG gneiss association. 

The M-TIGl gneiss unit is dominated by tonalitic pyroxene-plagioclase gneiss, opx-bearing 

granodiorite (enderbite), hornblende-rich quartz diorite (locally mt-rich) and diorite, and minor 

amounts of charnockite and mafic granulite including two-pyroxene, hornblende-bearing meta-gabbros, 

pyroxenites and hornblendites. The main lithological units occur as sheets that parallel the gneissic 

layering. The thickness of such sheets varies considerably from a few centimetres, expressed as a 

felsic-mafic compositional layering, to kilometres in the case of large bodies of tonalite, granodiorite or 

charnockite. The mafic gneisses mainly occur in thin layers or isolated lenses that are up to 50 m wide 

and may contain garnet, but usually this phase is replaced by opx + plag. Opx- or cpx-bearing 

anorthositic melt veins commonly occur in this unit, as do later granitic pegmatites. In general, the 

lower parts of the M-TIG I gneiss unit are dominated by (>50%) mafic lithologies, especially diorites 

and tonalites, whilst structurally higher levels in this unit contain more (>50 %) trondjemitic to 

charnockitic rocks. At the very top of the unit, some 50-I 00 m thick garnet-biotite bearing granitic 

gneiss layers may occur. 

The M-TIG2 gneiss unit is well exposed SE of Tianzhen, and consists of the same rock types 

as the M-TIG 1 gneiss unit, but in different ratios. TheM-TIG2 gnei ss is dominated by felsic, typically 

bi-rich enderbitic and charnockitic units (>50%), whilst diorites and tonalites are less abundant. A 

further characteristic is the presence of a large number of variably fo liated ksp-rich granitic gneisses. 

These intruded the charnockitic to dioritic gneiss units during the development of the main gneissic 

layering, and occur either as dm- or m- thick fel sic sheets interbedded with the TIG gneiss, or as much 

more massive, probably sheet-like, bodies intruded into the gneiss. Within the lower parts of the 

M-TIG2 gneiss unit, within a km of the lower Khondalite unit, it is common to find several relatively 

thin (<30m) layers of bi-garnet-fsp gneiss. These are identical to the gnt-bi felsic gneiss in the Lower 

Khondalite unit, and the uppermost M-TIG 1 gneiss unit. 

Throughout the E part of the area, a laterally consistent Lower Khondalite unit (L-khond) 

separates the M-TIGI and M-TIG2 gneiss units (Fig. 3. 1). The khondalite consists of 

sillimani te-graphite-garnet-quartz-feldspar+/-biotite gneiss that is interbedded on m- to dm-scale with 

bi-gnt-q-fsp gneiss, gnt-q layers and minor 2-px-hbl-plag+/-gnt and hbl-plag gneiss. Around Wayaokou 

thi s unit occurs as a single 40-60 m thick layer within M-TIG 1 gneiss. NW of Huaian and Manjingou 

area, the unit comprises several (3 or more) 5 to 60 m thick layers that are interbedded with TIG gneiss 

on a 50-I 00 m scale (Fig. 3.2). The occun·ence of the khondalites within the generally older TIG 

gneiss must have a tectonic origi n because the younger khondalites have a sedimentary origin and were 

originally deposited on the top of the TIG gneiss basement (Qian et al., 1985). 

Along the section in western Yanggao the main stratigraphic units can be subdivided as fo llows: 

( I) a mi xed TIG gneiss unit interpreted to be M-TIG(l +2) in the northwest; (2) an Upper TIG gneiss 

unit in the southeast; (3) a 100m wide zone with gnt-bi-fsp-q gneiss in between the M-TIG(I+2) and 

the upper TIG unit. Although the rock sequence near Yangao resembles that E of Tianzhen, there are 
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some notable differences. These can be summarized as follows: (1) The more mafic M-TTGI gneiss 

unit is almost absent; (2) The M-TTG(1+2) and upper TTG gneiss units are not separated by a 

khondalitic layer. Instead they are separated by a -I OOm wide zone containing numerous 

gnt-bi-fsp-gneiss layers that are identical to the gnt-bi-gnei sses that occur in association with the Lower 

Khondalite unit to theE; (3) TheM-TTG( I +2) gneiss unit contains less syn-kinematic kf-granite than 

the M-TTG2 gneiss unit in theE; (4) The Upper TIG gneiss unit contains similar rocks to the Middle 

TIG gneiss unit, but overall it is more felsic. It contains more pre-kinematic granitic and granodioritic 

units (< 30 %), as well as more syn-kinematic k-feldspar granites. The Upper TIG gneiss is locall y 

overlain by a Middle Khondalite unit (M-khond). Khondalites that lie on top of the upper TTG gneiss 

unit in Huangtuyao area northeastwards from Yanggao probably also belong to the intermediate 

structural domain because of the expressed structural relationship with the upper TTG gneiss unit. 

3.4 High-pressure mafic granulites and their variable symplectite textures 

Garnet-bearing mafic granulites are commonly found in the structurally lower and intermediate 

domai ns as tectonic fragments or lenses over the study area (see Fig . 2.4) . Larger fragments are present 

west of Yanggao (Between Buzhiwan and Zhangxiaochun), east of Wulidong and Wayaokou, in the 

Manjinggou area, north of Huaian (Zhaoj iayao-Liugou area) and north of Mashikou. Surrounding these 

fragments, many smaller lenses are found in the strongly foliated gneiss. 

The mafic granulites with a Gnt-Cpx-Plag-Q mineral assemblage have yielded 

peak-metamorphic pressures in the order of 12-14 kbar estimated by several studies (see Fig. 2.4). 

Peak-metamorphic conditions as reported by Liu J. ( 1989), Zhai et a!. ( 1992) and Zhang et al. ( 1994) 

were calculated from garnet-bearing mafic granulites dominated by opx, cpx and plag, with minor hbl 

and occasionally bi . Such rocks occur as isolated pockets throughout the TTG gneiss units, but the best 

examples were observed in the Lower TTG gneiss unit. Good examples of garnet-bearing mafic gneiss 

include outcrops in Manjinggou area, N of Huaian and E of Tianzhen. Some larger garnets in these 

rocks contain inclusions of cpx, plag and, most importantly, quartz, which represents the assemblage 

that yields the highest P-T conditions. Such garnets are wrapped by the macroscopically visible 

gneissic fo liation. This is only obvious if the garnets are large(> I em). Due to the granoblastic nature of 

the texture, this relationship between the garnet blasts and the foliation is not obvious with small 

garnets, neither in outcrop nor in thin section . Thus it appears that peak-metamorphic assemblages 

fo rmed early, before the development of the gneissic foli ations now apparent in the area. Such 

high-pressure assemblages, like those south of old Huaian appear to occur throughout the area. Their 

occurrence appears to depend on the presence or absence of the appropriate bulk composition rather 

than any specific geometrical trend. 

Decompression textures are developed in these rocks to a varying degree, depending on the 

parent bulk composition, during exhumation. Garnet in mafic, intermediate and felsic granulite is 
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commonly replaced by coronas of plagioclase-opx-hbl-mt-spinel (Fig. 4.3). Sometimes these coronas 

are completely undeformed preserving delicate symplectitic intergrowths, unaffected by subsequent 

deformation, although plagioclase is commonly replaced by sericite. More commonly, the replacement 

textures are recrystallised and occasionally elongated sub-parallel to the extension lineation (Figs 3.5 

and 4.4D). 

Depending on bulk composition, some general trends have been observed: 

1) garnet pseudomorphs in 2-px gneisses with subordinate amounts of hbl , are commonly strongly 

recrystallised and often deformed. Little garnet is preserved in these lithologies (Fig. 3.3B). 

2) hbl-rich, 2px bearing mafics commonly contain significant amounts of garnet (Fig. 3.3A) that is 

generally only partly replaced by plag-opx-hbl symplectites which are commonly undeformed. In 

some instances such coronas are recrystallised and elongated, but generally these rocks are very 

competent, thus shielded from penetrative deformation. 

3) got-bearing charnockitic to enderbitic units commonly preserve garnet with only narrow rims of 

plagioclase (Fig. 3.4B). These rims are locally extended along L3siw (see Table 5.1). 

4) Numerous garnets and their plag-opx coronas are surrounded by a ring of hbl crystals and biotite 

(Figs 3.4A, B and 3.6C, D) in the more felsic units. This hbl and bi is commonly elongated in L3siw. 

The above garnet replacement textures are all indicative of decompression-cooling along aP-T 

line that is steeper than the P-T lines bounding the gnt-px stability fields. The various types of textures 

in the different lithologies indicate that garnet is more stable at lower pressures going from mafic to 

felsic lithologies. All replacement textures, however, are locally elongated in L3,1w or flattened in the 

gneissic foliation (see Figs 3.5 & 4.4D), which is a direct indication that all these textures developed 

during retrograde conditions. Little deformed replacement textures yield pressures of around 7-8 kbar 

at temperatures of about 800 °C (Zhai et al. 1992, Zhang et al. 1994). This implies that most foliations 

and lineations formed between 14 and 7 kbar and 1000 °C and 750 °C. Assemblages in lithologies in 

which garnet and garnet replacement textures are not present will probably yield results that fall 

somewhere within this P-T window; the exact numbers depend on bulk-composition and closing 

temperatures for specific mineral pairs and grain sizes. This has been confirmed by P-T calculations 

from these gneisses (see Chapter 7). The very common 2-px-plag-hbl gneiss, in which hbl or opx may 

be oriented parallel to L3siw, yield the full range of P-T conditions from 12 to 7 kbars and 950-700 °C 

(see Chapter 7). It is nowhere certain whether the assemblage reflects specific conditions at the time of 

formation or retrograde re-equilibration. Given the wide range of results from rocks that are in similar 

structural positions, both processes are probably important; re-equilibration proceeds if transposition of 

an earlier foliation with a similar assemblage is penetrative. 

Figure3.3 ....... 
Micrographs showing symplectite textures. All scale bars are 500 IJ.m. A) Undeformed symplectitic texture in 

hbl-rich, 2px bearing mafics with garnet. Significant amounts of garnet remains that is generally only partly replaced by 
plag-opx-hbl symplectites; B & C) Garnet pseudomorph in 2-px gneisses. The symplectite is undeformed and commonly 
strongly recrystallised. The garnet is replaced by a plagioclase-opx-mt assemblage in these lithologies. A small relict of 
garnet remains in B but garnet is completely replaced in C. 

42 



43 



44 



-< Figure3.4 Undeformed symplectiti c textures in outcrop. A) Gnt- core with a plag-opx corona and secondary hbl rims, 
W ofYanggao; B) a gnt-bearing charnockiticto enderbitic unit that preserves garnet with only narrow rims of plagioclase; C 
& D) multiple symplectite in Manj inggou area (see illustration in Fig. 3.6 and in the text) 

Figure 3.5 Deformed symplectiti c textures in outcrop. A) elongated opx-plag pseudomophs and coarse-grained 
hornbl endes, S ofWulidong; B) elongated sympl ectite, W ofYanggao. 
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Figure 3.6 Illustration of the various symplectite textures. A) Symplectite in 2-px granulite with significant garnet 
remnant (see Fig. 3.3A and Fig. 3.4A); B) Multiple reaction coronas. A garnet pseudomorph in the centre which is surrounded 
by second generation of garnet (see Fig. 3.4C, D). The garnet rim is subsequently replaced by the second symplectite; C) 
Garnet with a thin reaction rim of opx-plag and a mantle of later thick hbl-bi rim (see Fig. 3.48). This kind of symplectite is 
generally deformed; D) Multiple reaction coronas with three generations of opx-plag symplectites replaced by garnet, two 
later garnet rims and a hbl mantle (see Fig. 3.4D). 

Besides the above decompression related symplectitic textures, complicated multistage corona 

textures (Figs 3.4C, D & 3.6B-D) are found in the garnet bearing mafics in Manjinggou and north 

Huaian areas. At least two types of garnet can be recognized: early garnets which are wrapped by the 

gneissic foliation, and largely replaced by recrystallized plagioclase-opx aggregates that are elongated 

parallel to the NE-SW trending extension lineation. Later garnet appears to overgrow the foliation and 

symplectic replacements are only partly recrystallized and unoriented. A few outcrops show 

recrystallized plag-opx pseudomorphs after garnet that are rimmed by a new generation of garnet which 

has subsequently been replaced by a second generation of plag-opx pseudomorphs. The implications of 

this texture are as yet not clear, but may reflect the cumulative effects of several metamorphic episodes. 

This gives evidence that the granulites probably have undergone more complex cycles in their uplift

cooling history. 
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Structurally, the high-pressure granulites must have passed the level of the lower-most crust 

during orogeny. The high-P granulites found in the lower structural domain have a relative structural 

simplicity, most of the pseudomorphs in these rocks are not been elongated, compared to those in the 

intermediate domain. Presumably these rocks have a reworking history related to vertical motion and 

uplift when the deepest crustal rocks were rising, whilst the high-P rocks that occur in the intermediate 

structural domain must therefore be completely reworked due to the intensity of the transposition 

during their exhumation. 

3.5 Upper litho-tectonic domain 

The upper litho-tectonic domain extends over several 100 km westward into Inner Mongolia 

(Fig. 3.1). It comprises a very thick sequence of khondalite (Up-khond), and is structurally complex. 

The upper domain consists of identical rocks to the lower and middle Khondalite unit described in 

section 3.3, and is interlayered and intruded by numerous syn- and post-kinematic S-type granites (Lu 

et al. , 1992). The khondalite series is well exposed directly north of Xiaobazhi (see Figs 3.1 and 5.9). 

The metapelites generally preserve a strong foliation/lineation defined by sillimanite domains that wrap 

around garnet. Graphite is common. The foliation is slightly variable in orientation, but the mineral 

lineation is constant, plunging WSW (see Figs 4.2 area I, 4.3A and 5.9), and parallels fold axes 

associated with isoclinal intrafolial folds. Several larger garnets preserve sillimanite inclusion trails (see 

Fig. 5.1A) that define similar orientations (345/30) across the various outcrops that were visited. This 

internal mineral lineation may reflect a movement direction during an early stage of deformation, 

although this direction may have been modified by relative rotation of the external lineation and the 

garnets. The sillimanite-rich metapelites or khondalites occur north of Xiaobazi area with minor 

quartzites, calc-silicates and mafic lenses, interbedded with quartz-feldspar-biotite gneiss of 

metavolcanic origin (Condie et al., 1993) and is characterised, like the intermediate domain, by a single 

folded foliation with a similar constant lineation direction. A good description of this unit is presented 

by Condie et al. ( 1993). Compared to the other domains, the upper domain records lower peak-pressure 

conditions (Zhang et al. , 1994) and appears to preserve more extensive evidence of a later, i.e. 1900 Ma, 

granulite grade overprint including the emplacement of numerous S-type granites. 
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CHAPTER4 

Structural framework and tectono-metamorphic events 

4.1 Post-granulite facies deformation 

In order to understand early deep-seated deformation events, the mod ifications of these 

structures by later events are discussed first. Due to Mesozoic (Yenshannian - 140 Ma) and Cenozoic 

block faulting and tilting some reorientation of the original position of the granulites in the Datong

Huaian area is ex pected. An estimate for the extent of this reorientation can be obtained from a number 

of different sedimentary sequences that unconformably overlie the granulites. All of these sediments 

are non-metamorphosed and generally weakly deformed. 

A Meso- to Neoproterozoic cover seq uence characterized by stromatolitic limestones and 

shales, occurs on top of the granuliteS of Manjingou (fig. 2.4) where they generally dip 10-15° S. A 

small pocket of similar sediments occurs 15 km N of Huaian (Fig. 2.4), where they dip gently ( 15 °) 

Figure 4.1 View of the uncomformity between the Early Precambrian gneiss complex and Meso- to Neoproterozoic 
cover, north of Huaian. Looking in N direction. 
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ENE (Fig. 4.1 ). Jurassic and Cretaceous pyroclastic rocks and calcareous shales cover the granulite in 

several fault basins along much of their NW margin, between Gushan in the SW and Xiaobazhi in 

the NE (See Fig. 5.9). These sediments dip generally less than 15°. A thick (tens of metres) soil of 

Quaternary Loess covers much of the area, and can be found as erosion remnants everywhere in the 

mountains, often to the detriment of the outcrop quality. These soils are transected and displaced along 

many recent faults, but preserve sub-horizontal positions. 

In general , concerning the post-granulite facies deformation, it can be concluded that although 

the numerous faults in the area resulted in significant lateral and vertical displacements, this was not 

accompanied by significant (>20°) regional block-rotations or folding. Only in the immediate vicinity 

of major faults do the Proterozoic and Mesozoic sedimentary units steepen as a result of local drag 

folding (e.g. E of Xiaobazhi). These effects, however, disappear within a few kilometres from the fault. 

Much of the granulitic structure has preserved an orientation that was fixed relative to an internal frame 

of reference after the last main high-grade event (presumably 1800 Ma). Uplift of the granulite 

outcrops in the Datong-Huaian area, as well as Archaean granulites furtherS , occurred along large (10-

20 krn wide, tens of krn long) fault-bounded blocks, that generally display steep NW sides and shallow 

dip-slopes along their SE margin. This suggests that some block rotations have occurred across the 

(still active) faults . This observation may be of importance considering that the Yanggao and Wulidong 

outcrops occur within the same block and record similar D3 lineation (see below) directions, whereas 

the Xiaobazhi outcrop preserves slightly different D3 lineation orientations (Figs 5.9 and 6.10). 

Geometrical correlations between these outcrops are, as yet, not clear. 

4.2 Structural framework 

4.2.1 Introduction 

In describing the structural development of the Datong-Huaian area, a problem arises because 

a number of early deformation stages have geometries and metamorphic textures that are unique to 

either the basement (TTG gneiss) or the allochthonous cover (khondalite series). The later deformation 

events and textures are similar in both. Therefore, the basement and allochthonous cover structures 

(Fig. 4.2) are described separately, and the unique basement structures are called D 10, and D,8, whilst a 

possibly coeval, but geometrically unique event in the allochthonous cover is named D,c.· The first 

event to affect both basement and allochthonous cover in a similar fashion has been called D3 and all 

subsequent deformations are called D4, D5, etc. Metamorphic and related partial melting events are 

labelled Ml , M2 and PM,, PM, etc. A summary of the deformational events and associated mineral 

assemblages is presented in Table 4.1. 
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Table 4.1 Summary of the various structural-metamorphic events that affected the Datong-Huaian granulite terrain. 

MO 
(?) 

Ml 

M2 

Grey Gneiss (basement) 

St rue ures Mt h' e amorp. tsm 

DI s, Granu li te facie s Khondalite Series (cover) 
Ea rl y foliation S I 8 , 

Inclu sions Structures Metamorphism 

02 •• Granulite facies : D Ic, Amp hibolite to gran-
Gneiss ic layering , S2 8 , 

Charnockitic melts Bedding-parallel ulite facie s: 
peak-a sse mblage 0 px-

Intrafolial folding C px -plag -gn t±_q stab le foliation S I co prograde assemblage 

Intrusive orthognei ss 12-14 kbar, 800-900 'C intrafolial folding gnt-sill -bi-q stable 

Granu lite facies: 
peak-assemblage 
gnt-sp -sill-q stable 
7-9 kbar, 800-900'C 

/ 
D 3 Juxtaposition of grey gneiss and khonda li te along a low-angle detachment zone 

""'/ 
Open, upright folding Granulite facies: Open, upright folding Granulite facies : 
charnockitic melt ve in s retrog rade co rona s Some granite intru sion s retrograde assern blage 

cha rnockitic melts granitic melt s 
opx-gnt-plag -q stable gn t- sill-ru-ilm-q stable 
7-9 kbar, 75 0-800 'C 7-9 kbar, 750 -800 'C 

04 Left-lateral , upright Amphibo lite to granulite Left-lateral, upright Amphibolite to gra n-
shear zones facies: shear zones ulite facies: 
Some granite intrusions retrograde re action rim s Some granite prograde assemblages 

cpx-hbl-pla g stable intru sions granitic melts 
4-6 kbar, 650-700 'C gnt-sill-bi-cord stable 

4-6 kbar, 650-700 'C 

4.2.2 Structures in the basement rocks 

The grey basement gneisses are exposed at the center of the granulite terrain (Fig. 4.2), and are 

interbedded with numerous lenses of mafic granulite and leucosome bands probably derived from 

syntectonic partial melt 

Evidence of the earliest deformation Dl
8

, is restricted to: (a) remnants of an early foHation, 

Sl 8,, that are preserved along isolated F2 .. intrafolial folds, and within mafic fragments enveloped 

within syn-02
8

, charnockitic bodies, (b) poorly oriented inclusions of mainly plagioclase, 

clinopyroxene, hornblende, ilmenite and biotite within garnet in mafic granulite. No geometrical or 

kinematic data could be deduced from these structures. 
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Deformation D2
8

, is represented by an earlier penetrative gneissosity (S2
8
,) which now mainly 

remains in the area where D3 deformations are weak (see Fig. 5.3B and described in section 5.2.2). 

S2
8

, is a compositional layering of l-5 mm wide folia dominated by pyroxene and/or hornblende 

alternating with plagioclase ± quartz-rich domains. This gneissic layering is superimposed on a 

lithological banding of alternating felsic, intermediate and mafic units that are up to 50 em thick (Fig. 

4.4A). In general the constituent mineral associations represent the peak assemblage and display a 

granoblastic texture in which individual grains are not orientated. 

S2
8

, typically trends WNW-ESE and dips moderately to either the south or the north (Fig. 4.2, 

areas A, B, C, E), and is generally folded by an open to tight upright D3 folds (F3a, see details in 

section 5.2.2) with fold axes that plunge steeply to SE or SSE (Fig. 4.3B & E). Some coarse-grained 

chamocldte veins contain fragments of granoblastic two-pyroxene granulite and amphibolite-pyroxene 

granulite that partly truncate S2
8
,. The smaller fragments are typically oriented within S2

8
,. As a 

consequence, the charnockite was emplaced during the later stages of D2
8
,, possibly in association 

with local partial melting and melt extraction processes (partial melt or PM,). 

N 

1 

0 10 20 km 

2aa 2co 3 4 
s • .. 0 " 

~ rol iation and domi nant 
stru ctural trend s 

Figure 4.2 Simplified geological map, with representative foliation orientational data, in the Datong-Huaian granulite 
terrain. The circles are lower hemisphere, equal area projections of the poles to the foliation as indicated. Symbols used in 
this figure are the same as in figure 2.4. 

51 



N 

A 

.,+ " . + 
•+ ' + 

+ + 
<o 

+ 

~ -.-
N 

c : \ ~~+ 

"b 

E 

0 
% ~ 

, ~ 

+ + 

• +< 

~ 

+ + 

+ t ): 0 t 
++ • I 
o j · + -tJ.+ 

• + .... 

+ 

+ 

N 

+ 

+ 

~+ 
+ 

' 
+ + +·fl++ 

'+ 

B 

• oo 
o 'Q, jO 

;ts 0 

o:t • 
.. , + 

0 

D 

'/' + : , t 
+• . :f. ..... 

tt ··+ . 

F 

N 

oi; + il~+ 

+ 

.. 
+ ,. 
+ 

N 

+ 

N 

' X 

"' 
~ 

0 

X" 0 

· .. 

"' • 0 

X D2 min eral lin eatio ns 6 D2 fo ld axes + D3 min eral lin eat ions 0 D3 fold ax es 
• D3 crenulations • D4 m in eral linea tion s D D4 fold axes Nf- number of plotted fold axes 
Nm -numb er of plotted m ineral lineat ions Nc -number of pl otted crenu lat ion lin ea ti ons 

Figure 4.3 Plots of structural data. A-Khondalite in north Xiaobazi, B-TIG gneiss between Mashikou and Xiaobazi , C-03 
detachment zone in Wu lidong-Wayaokou area, 0 -0etachment zone in Eastern Tianzhen, E-03 detachment zone in west 
Yanggao, F-Steep high strain belts in both Gushan and Hunyuanyao areas. Lower hemispheric projection. 
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S28 , and the chamockitic leucosomes were folded and sheared during a later deformation D3, 

which also affected the allochtonous cover sequence. On the regional scale, D3 is mainly associated 

with domal structures (FJ1) with wavelengths in the order of 5-l 0 km, sub-horizontal fold axes or 

open, SW-trending, upright folds (F3,) with no clearly developed axial planar foliation (Figs 2.4 and 

4.2, see details in section 5.2.2, Chapter 5). Towards the contact with the overlying khondalite series, a 

500-1000 m thick shallowly dipping D3 high strain zone occurs that is either characterized by 

asymmetric folds (F3c, Figs 4.4B and 5.3D), or a penetrative S3 foliation (Fig. 4.4C). In the Xiaobazi , 

Wulidong and Yanggao areas, the D3 high strain zone dips to the NW or SE (Fig. 4.2, areas A, Band 

E) respectively. Near Wulidong and Xiaobazi, it contains numerous recumbent F3c folds (Figs 4.48 

and 4.6) with characteristic, asymmetric geometries and fo ld axes that are typically oriented close to 

the regional L3,,w (see Table 5.1 and the details in section 5.2.1) orientation, and consistently plunge 

around 10' WSW (Fig. 4.3B, C). In the Yanggao area and locally in the Wulidong area, F3c folds are 

absent in the high strain zone. Instead S3 constitutes the dominant foliation in which S28 , is transposed, 

and in which a clearly developed L3,,w is restricted to basic granulite fragments. L3,,w, defined by 

elongated quartz and hornblende grains, plunges shallowly SW, and sub-parallels the F3c fold axes. 

The S3 foliation is extremely planar and defined by a finely-laminated compositional layering of 

alternating pyroxene-hornblende-rich and plagioclase-quartz-rich folia, locally overprinted by a shear 

band cleavage (S3'). In thin section, coarse-grained feldspar is rimmed by relatively fine-grained 

quartz and feldspar with annealed granoblastic textures, and locally feldspar or garnet blasts preserve 

asymmetric tails. Equidimensional matrix grains generally contain inclusions of opaques, rutile and 

zircon that are strongly oriented in S3 (see Fig. 7.6A). All the described features for the D3 shallowly 

dipping high-strain zone are consistent with a non-coaxial flow origin (see details in Chapter 6), and 

asymmetrical blasts, shear bands and fold asymmetries (Fig. 4.5) consistently indicate an normal, top 

to the southwest, sense of shear. Mafic granulite with plagioclase orthopyroxene pseudomorphs 

replacing garnet locally occur in the shear zone. The pseudomorphs are generally strongly flattened 

(Fig. 4.4D), which suggests that replacements preceded or formed early-syn D3. During the later 

stages of D3, asymmetric shear band cleavages and cleavage boudins developed that are associated 

with internally undeformed, thin(< lO em), pyroxene-bearing, pegmatitic leucosome veins (Fig. 4.4C). 

Some charnockitic leucosome pockets preserve unoriented coronas of orthopyroxene-plagioclase on 

garnet and ilmenite. This shows that the D3 shallowly dipping high strain zone became stable after the 

leucosome veins and associated structures occurred. 

During deformation D4, localized high-grade ductile shear zones developed that mostly follow 

the D3 steeply dipping high-strain belts (Fig. 4.2). The major ductile shear zones up to 2 km wide and 

are near vertical , trend NNE (Fig. 4.2, areas E-H) and preserve well developed, fine-grained, mylonitic 

foliations (S4) in which both basement rocks and metasediments are interleaved. In the S4 foliation, the 

53 



Figure 4.4 Photographs of representative structures and foliations in outcrop. Location names are given in figure 4.2. (A) 
The dominant gneissic foliation , S28,, in the basement gneisses, defined by a m-scale compositional banding in combination 
with a rnm-scale gneissic layering, west of Sifangdong between Wulidong and Wayaokou. (B) Asymmetric F3c folds within 
the 03 shallowly dipping high strain zone in the basement rocks at Wulidong. The fo ld axis parallels the regional mineral 
elongation lineation. (C) Planar S3 foliation within the 03 high strain zone in basement rocks west of Yanggao. An 
undeformed, orthopyroxene-bearing leucosome vein occurs at the boundary of a mafic lens enveloped in S3. Lens cap used 
for scale is Scm. (D) Pseudomorphs of plagioclase after garnet are flattened within the S3 foliation west of Yanggao. (E) 03 
mylonite zone within khondalite west ofTuguiwula. (F) 04 mylonite zone transecting a post-03 gran ite near Hong Shaba. 
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mylonitic texture is generally not annealed (Fig. 4.4F) and a steeply dipping mineral lineation and tight 

to isoclinal folds with near vertical axes occur (Figs. 4.3F, 5.3F and 5.15). On a section normal to the 

54 foliation and parallel to the mineral lineation, asymmetric feldspar and garnet blasts, shear folds, S

C relationships and shear bands are all consistent with a left-lateral movement sense (an example of 

the 04 shear zone is described in sections 5.5). 

s 
M as hikou 

0 lkm 

1-:-:-:-:1 sye nite dykes 1~1 basic gnei ss layers E/ >1 felsic gneiss layers ~ old felsic ve in s 

CZLJ ultramafic veins and lens W S-type granite D TTG gneiss Khond alite se ri es 

Figure 4.5 N-S cross-section across the basement-allochtonous cover contact between Xiaobazhi and Mashikou (location 
see figure 5.9). (a) structural fie ld data, (b), (c), (d), (e) progressively more detailed structural sections from the north 
segment of section A. Orientational data for this section are presented in figure 4.2, area A and I. 
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4.2.3 Structures in the allochtonous cover sequence 

The first deformation in the khondalite series, deformation D I co, is restricted to this unit, and 

represented by a penetrative foliation, S leo, that parallels the lithologic bedding. S leo is typically 

defined by fibrolitic sillimanite or biotite within a granoblastic matrix dominated by two-feldspars and 

quartz. In some areas of weak D3 strain a sillimanite mineral elongation lineation is preserved; e.g. 

near Wulidong-Wayaokou, where Ll co is subhorizontal and trends to the NE. Microscopically, Ll co 

can be found as strongly crenulated trails of SO'" fibrolite in the cores of composite garnet blasts that 

formed during D3 (see Fig. 5.1 A). Large-scale, D l eo structures have not been identified and are 

probably destroyed by intense later deformation and associated partial melting. Although Ll c. and L28 , 

are close to parallel, Dl co and D2
0

, structures developed differently relative to the metamorphic peak: 

Sl co developed during prograde conditions, whereas S28, formed during much higher-grade peak

conditions. 

D3 was the principal deformation event to affect the metasediments, and is the dominant 

deformation within the high strain zone along the contact with the basement. Here asymmetric 

recumbent folds with an axial planar S3 foliation are common. S3 is very planar, mainly defined by 

sillimanite. It contains a well developed mineral elongation lineation which parallels the fold axis (Fig. 

4.3A) and which consists of prismatic sillimanite, quartz rods, garnet blasts with recrystalized 

asymmetric tails and, to a lesser extent, ilmenite and rutile grains. Geometries and kinematic indicators 

for the high strain zone are identical to those described for the basement rocks. Away from, but 

parallel to the contact, isolated ductile shear zones occur with mylonites (Fig. 4.4E) and have mineral 

elongation lineations that plunge gently W. However, in general S3 is less intense, and axial planar to a 

series of inclined closed folds with near horizontal axes. Apart from mineral foliations , S3 is 

commonly defined by planar leucosome veins probably derived from partial melt (PMz). During the 

final stages of D3, boudins and shear band foliations developed in association with leucocratic 

segregations. In the NW of the Datong-Huaian area, numerous S-type granites (Liu, 1989; Lu et al. , 

1992) occur that contain coarse, unoriented feldspar and garnet blasts, and no obvious foliations. These 

granites are transected by D4 shear zones (Fig. 4.4F), and were probably emplaced post-D3. 

Deformation D4 is restricted to localized, mutually cross-cutting shear zones with general 

orientations and a movement sense similar to D4 shears in the basement. In the NW part of the area, 

where D4 shear zones transect both the khondalite series and largely undeformed S-type granites (Fig. 

4.4F), trends change slightly from NNE to ENE (Fig. 4.2, area H). The S4 mylonitic foliation is 

generally defined by biotite neocrysts, and elongated quartz and feldspar grains. In metapelite, 

additional sillimanite and stringers of inclusion-rich garnet occur (see details in Chapter 7). The garnet 

has overgrown the sillimanite-biotite foliation and asymmetric tails have locally developed. Thin(< 50 

em) undeformed leucosome veins emplaced along S4 suggest that limited partial melting (PM,) 

occurred during D4. 
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A late stage of brittle-ductile faulting and pervasive fracturing of the granulite is common in 

the Datong-Huaian area. Many of the fractures are infilled with muscovite, biotite and/or opaques. This 

deformation, 05, is connected with Cenozoic tectonic movements, and will not be considered here. 

w H uangtu yao Shifangdong E 

IOkm 
~-~--~ 

D TTG gneiss (base ment ) 0 Khond alite se ries and S-type granite (allochtonou s cove r) 

Figure 4.6 E-W cross-section between Wayaokou and Tuguiwula, illustrating the geometry of the D3 high strain zone 
along the basement-allochtonous cover contact. The enlarged part of the contact at the right-top of the figure showing the 
deformation of the interbedded Gnt-sill gnei ss (dark) and felsic gneiss (grey). The position of the section is indicated on 
figure 4.2. 

4.3 Tectono-metamorphic events in Granulite facies 

4.3.1 Prograde deformation 

Evidence for prograde deformation comes from inclusion trails and the nature of the general 

tectono-lithostratigraphic column. Inclusion trails are rare and mostly restricted to fibrolitic inclusions 

in garnet (see Figs. 5.1A and 7.6A) which preserve strongly crenulated earlier foliation traces. 

Interpretations of these are difficult, only justifying the conclusion that earlier foliations existed. In this 

thesis , some inclusions have been used to assess prograde, or even peak-metamorphic conditions in the 

thesis. 

The regional distribution pattern of rock types gives more information, especially with respect 

to the occurrence of the Lower Khondalite unit of metapelitic origin, embedded within presumably 

older TTG gneiss units (see details in Chapter 3). The most logical explanation for this isolated 

khondalite layer is tectonic interleaving, possibly as a result of thrusting during prograde burial of these 

units to the peak pressures in granulite metamorphic facies which they record. The garnet-biotite gneiss 

sheet separating the Middle and Upper TTG gneiss units to the west could be a similar thrust contact. It 

is impossible to tell whether more thrust contacts were present because of the absence of good marker 

units in the TTG gneiss. Considering the amount of burial required to take khondalite to lower crustal 

levels, more than one or two thrust sheets are expected. 
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4.3.2 Retrograde deformation 

Most of the structures and all the tectonic foliations recognized in the area developed during 

the retrograde, decompression episodes of the deformation history. This can be concluded because: 

I) recorded peak-conditions were obtained from inclusion assemblages in garnets in mafic granu lite; 

these garnets are wrapped by the main gneissic foliations, and 

2) foliations and elongation lineations in mafic and intermediate granulites are locally defined by 

stretched and recrystallised garnet replacement textures that resulted from cooling and 

decompression (Zhang et al. 1994, see details in section 3.4). 

Events during this late, retrograde deformation are discussed in Chapter 5 

4.3.3 Correlation of the thermotectonic events between the basement and the cover 

There has been a long discussion in the Chinese literature about the nature of the TTG 

gneiss- khondalite contact, which concentrates on whether this contact is tectonic (e.g. Zhang et al. 

1994) or an unconformity (e.g. Qian et al. 1985, 1987; Liu J.Z., 1989). The regional occurrence of the 

late Archaean khondalites to the NW of, and structurally on top of, the older TTG gneiss inspired the 

interpretation of the contact as a regional unconformity (Qian et al. 1985). Due to the intensity of 

transposition, the layering in the khondalites is very regular, and reminiscent of primary sedimentary 

bedding, and indeed it has been interpreted as such in the past (e.g. see original map reports with the 1 

to 200,000 scale maps). However, in detail there are serious difficulties with this interpretation. The 

khondalites preserve numerous low-angle truncations, rare intrafolial folds, complexly fo lded 

sillimanite inclusion trails in garnet, and they are interlayered with the TTG gneiss, all of which 

suggest tectonic interlayering and transposition. Therefore, the regular layering and the contact are 

most likely tectonic features . Tectonic juxtaposition is supported by geochemical provenance studies 

reported in Condie et al. ( 1993), who show that the lower parts of the Khondalite sequence must have a 

source that is chemically distinct from the TTG gneiss. 
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CHAPTERS 

Structures related to 03 deformation 

5.1 Introduction 

Constraints on deformation mechanisms and flow behaviour in rocks are generally obtained 

from direct observations of the microstructures in thin section in combination with experimental 

studies . These techniques are difficult to apply to granulites because pervasive syn- and post-kinematic 

annealing and grain growth generally obliterate all deformation features, whilst deformation in 

poly-crystalline materials with a large proportion of partial melt is difficult to simulate in experimental 

studies . The dominance of a certain deformation mechanisms at granulite grade appears to be strongly 

determined by rock type and metamorphic temperature. In many granulite terrains the mechanical 

properties of the rocks are determined by the strength of quartzo-feldspathic matrix-minerals. These 

rocks, that have been deformed to very high strain, lack grain shape and crystallographic fabrics. This 

suggests a dominance of grain boundary sliding processes in combination with grain boundary 

migration and grain boundary diffusion resulting in Newtonian flow (Boullier and Nicolas, 1975; 

Gueguen and Boullier, 1975; Nicolas and Poirier, 1976). As a result, the felsic granulites are 

characterized by a range of typical geometries. These deformation geometries become important as an 

indirect means of constraining the mechanical behaviour of granulites. Particularly useful are the 

common lineation direction and the associated movement sense (Sims et al. , 1994; Dirks and Wilson, 

1995). This observation may serve as an important tool in mapping composite granulite terrains. 

Investigation in the Datong-Huaian granulites shows that groups of structures, e.g. domal 

structures, fold generations and their sequence geometries, linear structures, various orientation and 

truncating foliations and melt/pegmatite veins and so on, that belong to D3 structural and metamorphic 

event, are found to be compatible in the established lower, intermediate and upper litho-tectonic 

domains over the detailed mapped areas (see figs from 5.9 to 5.13). The compatible groups of D3 

structures outline the essential structural pattern for the three tectonic domains and build up a tectonic 

framework for the terrain that was mainly formed during the D3 event, and enable the construction of 

deformation as discussed in Chapter 4. 

5.2 General structural features 

5.2.1 Foliation and lineation 

The dominant structural feature in the Datong-Huaian area is a strong gneissic layering (S3) 
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and an associated mineral or stretching lineation (L3stw), both are related to the D3 event, which occurs 

at a lower crust level because of the rocks are highly affected by ductile deformation at granulite facies 

conditions. The main lithological units occur as em- to m- scale alternating felsic and mafic granulite 

sheets in both sub-horizontal (Fig 5.4A, B) and vertical (Fig. 5. 16) high-strain belts. They are 

characterised by one straight foliation wi th intrafolial folds and a generally well developed mineral 

lineation. Fold axes and some rodding structures (Fig. 5.2) deri ved by progressive deformation of folds 

are parallel to this lineation . The foliation and lineation have not everywhere survived post-kinemat ic 

recrystallisation. Although various truncating foliations (e.g. Fig. SAD) that developed during one 

prograde event are found, the gneissic layering, in general , is open to tightly folded around upright 

folds with shallowly SW plunging axes that parallel the mineral elongation lineation. The enveloping 

surface to these folds is close to horizontal and reflects the general attitude of the gneissic layering. 

Characteristics of the lineations that are found in the terrain are summari zed in Table 5. 1. The 

D3 mineral lineation in the khondali te is well defined by the orientation of prismati c sillimanite crystals 

that wrap around garnet (Fig. 5.18). Rutile, ilmenite, quartz, plagioclase, magnetite, graphite and 

biotite are other common phases. An older lineation (Ll co) in these rocks may be preserved as 

inclusions of previous sillimanite fibres in recrystalised garnet (Fig. 5.LA). D3 mineral lineations in the 

TIG gneiss are limited to lenses of rare coarse-grained (>5mm) hbl-rich dioritic or opx-rich felsic 

gneiss (Figs 3.5A and 5. LC). Otherwi se, lineations are defined by oriented mineral aggregates that 

consist of mm to em-wide streaks or "cigars" of fe lsic material in mafic gneiss or vise versa (Fig 5.4A), 

and some elongated plagioclase-opx pseudomorphs after garnet (Fig. 3.58). Coarsely banded felsic 

granulites generally do not contain a visible lineation. 

In a few localities more than one lineation is preserved (see Figs. 4.3 8 & E, 5.38 & E, 5.8 8 

and the details in section 5.3.1). In general two lineations occur when the gneissic layering is steep. In 

these cases, one generally steeply plunging lineation (named as L3"P) occurs next to a shallowly 

plunging lineation (L3stw) which is part of the regionally developed (or visi ble) lineation pattern . The 

steeper lineations are commonly folded by open recumbent folds with fo ld axes that parallel the 

horizontal lineations (Figs. 5.38 and 5.88). The L3stw lineations in the intermediate and upper domains 

are mostly shallowly plunging and paralleled by crenulations and corrugat ions (F3e, Figs 5.1 D and 

4 .3C- E) . This, plus the regional continuity of the sub-horizontal lineations and the only sporadic 

occurrence of the steeper lineation makes it likely that the steeper lineations are remnants of earlier 

transposed lineation patterns. The relative age cannot be more accurately established. 

FigureS.! ........ 

Photographs showing the dominant lineation. A) Micrograph showing an earlier lineation (Ll ,o) in khondalites as 

orientated sillimanite inclusion trail s in coarse-grained garnet. Sample No. 93-20 from Xiaobazhi ; B) L3slw Mineral lineation 

in khondanites defi ned by prismatic sillimanites; C) L3slw Mineral li neat ion de fi ned by oriented dark and light mineral 
aggregates in the TIG gneiss. South of Wulidong; D) 03 crenulat ion lineation in biotite-rich gnei ss parallel to the stretch ing 
lineation. North of Wayaokou. 
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Figure 5.2 Photographs showing A) Co-linear structures, i.e. fold axes, boudins and rodding structures, in a place close to 
the 03 steeply dipping high strain belt, N ofDongyanghe, Zhao jiayao-Liugou area (see Fig. 5.6) . The above structures are 
all parallel to theD3 mineral lineation (L3 •• ); B) A large scale mullion structure in the outcrop next to photo A. 
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Table 5.1 Characteristics of the lineations preserved in the granulite terrain 

Lineations Characteristics Orientation Tectonic 
Events 

Llco preserved as inclusions of previous sillimanite fibres in included in garnet, Dl co 
newly grown garnet that formed during 03 event variable 

L3stp weak mineral lineation (mainly hbl), steeply plunging and parallel to the FJa fold 
commonly folded by FJd axes 

in the 
mineral lineation defined by the orientation of prismatic 
sill. crystal s and (or) rut, ilm, q, plag, mt, bi and graphite 

khondalite 

!-mineral lineation defined by preferred dimensional 
orientation of hbl, bi crystals; parallel to the regional 

L3slw 2-stretching lineation defined by oriented mineral transpmt direction and co- D3 
aggregates, including elongated plag-opx linear with the FJc and 

in the pseudomorphs after garnet, that are manifested as FJe fold axes 

ITG gneiss streaks of fel sic material in mafic gneiss or vise versa; 
3-crenulation lineation defined by preferred orientation of 

penetrative crenulation axes; 
4-preferred orientation of the long axes of rods, boudins 

and other linear structures 

L4 
steeply plunging mineral lineation defined by a new parallel to the F4 fold axes 
generation of sill<i ii), bi<iii). in the 04 shear belt D4 

5.2.2 Fold styles 

Folds are the most common structures that developed in the three litho-tectonic domains. A fold 

sequence related to the deformation stages and local structural patterns is established in Table 5.2 in 

order to understand the tectonic development in the granulite terrain better. Compared with the 

lineation patterns mentioned above, the fold patterns are more complicated (Fig. 5.3), although this is 

not immediately obvious in isolated outcrops. A typical sequence is as follows: 

I) As the D I event can only be assumed by mineral inclusion trails in garnet (see section 4.2.1) due to 

the intensity of later deformations , the F 1 folds are difficult to define in the field . 

2) The earliest folds visible are isolated fold hinges and isoclinal intrafolial folds (F2, Fig. 5.3A) 

formed during D2 event, usually defined by mafic layers in a more felsic matrix. It is not uncommon 

to find a clearly defined axial planar gneissic layering (S2) defined by alternating plagioclase, biotite, 

hornblende or pyroxene domains. If the compositional contrast between the folded layer and the 

matrix is small, these folds obtain a "flame-like", smeared out appearance. 
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(G) 
03 stee pl y dippin g hi gh- strain belt 0 3 shall ow ly dippin g hi gh-stra in zone 
overpr inted by 04 shea r zo ne in th e interm ed iate lith o- tec ton ic domai n 

~~~-~;/!-, ~ F3f'~~ -~1: - I 
l ,, :(:1;]. flap;??-- ~~ ~ ~-=-~ ~ 

F3c ': / Lf, F3d . - F3b ~~---~:::_~-

F4~ Lo wer lith o-tec ton ic dom atn F3c 

r/r'""'' with gneiss dom e deve lopmen t 

Figure 5.3 (A-F)-Illustration of various F2, FJ and F4 fo ld patterns and fo ld sequences at outcrop scale. A) lntrafo li al 
fold (F2) with fold axia l-plane fo liation th at parallels the TTG gneissic layering; B) Upri ght fo ld (FJa) in the centre of the 
TTG domal-structure reg ion N of Mashikou (location see Fig. 5.9). The steeper south wards dipping S2 layering was folded 
by a lateral compression with an enveloping surface of 230/75. These folds were overprinted by a secondary fo ld (FJd) with 
gentle fold axis 200/20, which is co-linear with the L3slw lineat ions; C) Tight recumbent fo lds (FJb, see Fig. 5.5A) at the 
top and the rim of the domal- structure reg ion north of Huaian; D) Asy mmetri cal recumbent fo ld (FJc) in a shall owly 
dipping high-strain zone near Wu lidong; E) Superimposed fo ld (FJd) in the area close to the 0 3 steepl y dippi ng high stra in 
belt N of Dongyanghe in north Huaian (locat ion see Fig. 5.6). It shows that an interfo li al fold (F2) was refolded with a 

gentle fo ld axis of 225/9, wh ich is para lle l to the reg ional 03 extensional lineat ion (L3>1w); F) Asymmetri c upright folds in 
the 04 shear belt that partly fo ll ows the 0 3 steeper hi gh-strain be lts (F4 , see Fig. 5. 15); G)-Protlle showing locations and 
structural relat ionshi ps of the various fold styles. Fold patterns and structural re lation of the crenulations (F3e) are shown in 
Fig. 4.5 0 & E. 
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3) The third generation folds (FJ) have variable styles in relation to the deformation stages and local 

structural patterns formed during D3 event. These include five fold styles (F3a to F3e) at outcrop 

scale and two fold styles (F3f and F3g) at larger scale. At the outcrop scale, (ignoring regional 

correlations and variations in orientation) the same sequence of fold geometries can be observed 

everywhere: 

(i) In the areas where there is a domal regional stuctural pattern (F3f, see below), upright folds 

(F3a, Fig. 5.38), which are generally overprinted by later open recumbent folds (F3d, Figs 

5.38 & E and 5.5A), are preserved (Fig. 5.3G). These folds, in general, have a weak, or no, 

axial planar foliation and highly variable fold axes that do not parallel L3slw. 

(ii) One or several generations of disharmonic open to isoclinal folds (F3b, Figs 5.3C and 5.5A) 

that mainly formed at the rim of the domal structures (Fig. 5.3G). These have no axial planar 

foliations and the fold axes are variable in orientation (Fig. 5.7 A). 

(iii) Asymmetrical recumbent folds with straight fold axes (F3c, Figs 5.3D and 5.48) are 

commonly developed in the D3 shallow dipping high strain zones (Fig. 5.3G). These have, in 

general, axial planar foliations in biotite-rich lithologies, and fold axes that parallel the L3slw 

(see Fig. 4.3 , plot C, D and E). 

(iv) The above folds are overprinted by late open to closed recumbent folds (F3d, Figs. 5.3E and 

5.58), usually with no axial planar foliations, and fold axes that parallel the L3slw. 

(v) Crenulations (F3e) are commonly developed, on the interfaces of the gneiss layering at mm- to 

em scales, either in the shallow or in the steeper D3 high strain belts where the biotite-rich 

lithologies are dominant (Figs 5.1D and 4.5 E). These crenulations have axes that parallel to 

the L3slw· 

Apart from above smaller scale folds, every outcrop is affected by two types of large scale 

regional folds: 

(ii) Changes in both Sgn and L3slw occur on 3-10 km scale around the large domal structures (F3f, 

Fig. 5.3G) described in section 5.2 (see Figs 5.6, 5.9 and 5.12). 

(ii) Later open folds (F3g, Fig. 5.3G) occur on 100-1000 m scale that fold the D3 Ssn orientation 

and L3slw lineations. These folds have variable fold axes that plunge to SW orNE (see Fig. 2.4). 

4) The fourth generation folds are upright folds with steeply plunging fold axes (F4, Figs 5.3F and 5.15) 

that are formed in D4 shear belts which locally followed the D3 steeper high-strain zones (Fig. 

5.3G). 

One consequence of these mostly co-linear fold sequences is that some outcrops viewed normal 

to L3slw, preserve a complicated Type 3 fold interference pattern. More commonly outcrops consist of a 

straight gneissic foliation and outcrop-size folds are rare whilst F2 folds are completely transposed in a 

planar gneissic layering which only contains occasional fold hinges. 
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Table 5.2 Fold styles and associated tectonic events and structural relationships 

Fold style Geometry and Orientation Structural relationships Tectonic 
Event 

FJ no folds found only mineral inclusion trai ls in garnet(l) Dl 

F2Ba intrafolial folds in TIG gneiss with variable rootless folds associated with S2Ba D2 
orientation 

F3a 
upright folds with steeply plunging fold preserved within the domal structures that was 
axes formed at an earlier stage of the 0 3 event. 

F3b tight recumbent folds with variable developed at the top and rim of the domal 

orientation of the ax.es structures where the 0 3 lateral movement is 
weak. 

().) 

"a 
(.) 

co-linear asymmetrical recumbent folds developed in the 0 3 shallowly dipping high "' F3c 0.. with straight fold axes that parallel the L3,Jw strain belt. 0 .... 
B 
:::1 

mainly preserved at the rim of the domes where D3 0 
superimposed folds, refolding F2Ba , with 

they have been strongly .affected by the 
F3d shallowly plunging fold axes which are movement that occurs in the 0 3 shallowly 

parallel to L3,Jw dipping high strain belts. 

F3e 
crenulations at mm- to em scale with axes developed either in the 03 steeply or shal lowly 

parallel to L3,Jw dipping high strain belts 

formed by syn- 03 deformation and lying 
().) 

F3f do mal structures at 3-1 0 km scale below the 03 shallowly dipping high strain "a 
(.) belt. 
"' .... 
().) 

bJl 
~ F3g open folds on 100-1000 m scale formed at a later stage of the 03 deformation 

and fo lding the S3 foliation 

F4 upright folds with steeply plunging fold formed by strike-slip movement in the 04 shear 
D4 axes belts. 

Figure5.4 ~ 
Photographs showing structures at outcrop-scale. A) lntrafolial fold (F 1) with axial-planar foliation parallel to the 

TIG gneissic layering (in the center of the photo just below the pen). A linear structure comprising a leuco mineral 
assemblage appears on the surface of the dark gneiss layer (in the central bottom of the photo) ; B) Asymmetric recumbent 
fold (F2a) in a shallowly dipping high strain zone. The fold axis is straight and sub-parallel to the extensional mineral 
lineations; C) Leucocratic material that consists of plag-q-opx and appears to be associated with m-scale boudin necks in the 
TIG gneiss in Manjingou area; D) Complicated structural relationship showing an overprinting FJ fold truncated by later 
shear bands that are filled with opx-bearing granitic veins in the 03 shallow dipping zone. All photos are taken in the area 
between Wulidong and Wayaokou. 
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Although most the geometrical sequence of folding in outcrops is similar, it is impossible to 

make definite correlations due to the variability and number of folds and their geometries. All that can 

be said is that groups of folds in outcrop A are associated with groups of folds in outcrop B beqmse all 

these folds are parallel to the same L3stw. This means that fold geometries are not directly indicative of 

large-scale geometrical patterns, but rather reflect "frozen" stages in a continuous process of 

transposition. 

To understand the development of fold sequence geometries better, their distribution pattern in 

the larger scale domal structures (Fig. 5.3G) needs to be considered. In the near horizontal culminations 

of the dome, only F2 folds and locally F3a with superimposed F3d folds can be found, although they 

are rare. The gneissic layering is planar and only varies on a regional scale around folds of F3fand F3g. 

Along the sides of the dome, the F3b corrugations on em to m scale usually occur. Sgn with F2 and F3b 

folds becomes steepen to near vertical positions in steeply dipping high-strain belts which some times 

define the dome. In the D3 shallow dipping high strain zones, F3c asymmetric recumbent folds are 

commonly developed. Such recumbent folds vary in tightness from open corrugations, via isolated fold 

domains separated by domains of a new gneissic layering, to a second foliation that is flat lying, and in 

which the earlier foliation plus all its intrafolial folds are completely transposed. This is the situation 

where the domal structure is truncated by the D3 high strain zone. A further characteristic of the belts, 

where the dominant gneissic layering is steep, is the local occurrence of D4 shear belts with numerous 

F4 folds and the occurrence of the L4 lineations. 

5.2.3 Partial melting 

Partial melting plays an important role in granulite grade structures, since most prograde 

reactions in quartzo-feldspathic rocks involve the break-down of biotite or hornblende and the 

production of a melt phase which will be dispersed on grain boundaries or segregated in pockets. In 

general, the high temperature granulites (T > 800 °C) show few structurally arranged melt pockets. 

Instead, leucosome material is dispersed homogeneously along the foliation (stromatic and nebulitic 

migmatite). In contrast, lower temperature migmatites (T < 800 °C) commonly contain leucosome 

pockets that occur along shear bands, boudin necks and fold hinges; all representing zones of increased 

dilational finite strain (Dirks, 1995; 1996). 

A common characteristic of the granulites is the large amount of leucocratic material that can 

be subdivided into two generations. The earlier one has charnockitic composition in the TTG gneiss 

and granitic composition in the khondalite. These materials occur as large-scale bodies or irregular 

Figure5.5 ~ 
Macro structures at outcrop-scale. A) recumbent folds (F3b) in the culmination of a domal structure in 

Zhaojiayao-Liugou area, north of Huaian (for location see Fig. 5.6); B) An overprinting open recumbent fold (F3d) in steeper 
high strain belt north of Huaian; C) Partial melt with granitic composition in the khondalite that truncate the gneissic layering in 
Hongshaba area (see Fig. 2.4); D) Partial melting along shear bands parallel to the gneiss layerings in the TIG gneiss. 

68 



69 



veins that truncate the gneissic layering, and locally make up over 50% of the outcrop (Fig. 5.5C). The 

later leucocratic material consists of plag-q-opx in the TTG gneiss. These leucosomes appear to be 

associated with D3 foliation (Fig. 5.5D) and m-scale boudin necks (Fig. 5.4C) that affect the gneissic 

layering including the earlier lineation. Geometrically complicated disharmonic folds are common near 

such boudin necks (see Fig. 6.5A). 

5.3 Geometry and structural patterns in the lower litho-tectonic domain 

Rocks in the lower litho-tectonic domain are highly affected by ductile deformation at granulite 

facies. All fabric elements in this domain are strongly affected by static recrystallisation. The regional 

scale structural pattern is characterised by progressively · developing and flattening of TTG gneiss 

domes and surrounding steeper and shallow dipping high-strain zones (see Fig. 5.19). A major domal 

structure is situated east of Wayaokou-Wulidong (for location see Fig. 3.1), where the mafic lower unit 

(L-TIG l) of the lower lining Group is exposed in its centre (Fig. 5.1 0). Other mappable scale domes 

are found at north Huaian (Fig. 5.6), north Mashikou (Fig. 5.9) and west Yanggao (Fig. 5.12). Some 

NW trending earlier gneiss layers (S2) are found in the central parts of these domes where the rocks are 

not completely reworked by the decollement (see Fig. 5.9) . The S2 layering is generally steeply dipping 

and folded with steep plunging fold axes (F3a, see Fig. 5.3B) as a result of a lateral compression 

perpendicular to the extension direction. It is refolded by a later generation of folds (F3d) with gently 

plunging folds axis parallel to the regional extension lineation (L3siw). 

5.3.1 Domal structures north of Huaian 

In the Zhaojiayao-Liugou area, north of Huaian, do mal structures are most clearly developed in 

outcrop (Fig. 5.6). The gneiss here comprises mainly L-TTG2, with less amounts of the mafic gneiss 

unit of L-TIG I and has a coarse-grained granoblastic texture, is well banded and has extensional 

lineations. All fabric elements are strongly affected by static recrystallisation. D3 lineations in the TIG 

gneiss are limited to rare coarse- grained (>5mm) hbl-rich dioritic lenses in opx-rich felsic gneiss. 

Otherwise, lineations are defined by oriented mineral aggregates that consist of mm to em-wide streaks 

of felsic material in mafic gneiss or visa versa (see Fig. 5.4A). Coarsely banded felsic granulites 

generally do not contain a visible lineation. At the western margin of the Zhaojiayao-Liugou area, a 

mineral lineation in the lower khondalite unit is defined by oriented sillimanites. The dominant gneissic 

layering defines domes with an approximate diameter of 5-10 km (Fig. 5.6A) and foliations vary from 

near horizontal in the centres of the dome to near vertical along the margins (Fig. 5.6C). The domes 

have a broad antiformal central region bordered by a marginal zone with km-scale upright folds that 

appear to be more or less concentric around the dome. Stretching and mineral lineations that formed 

during D3 deformation in this area can be generally grouped into three sets associated with the tectonic 

development and the local structural patterns. The first set is an earlier one with steep plunges of 70°-
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Figure 5.6 Sketch map showing the domal structures in Zhaojiayao-Liugou area N of Huaian. A major antiform appears 
in the eastern part of the area and is separated by a NNE trending steeper high-strain belt from west. Foliations and lineations 

within the dome show a poor prefered orientation whilst the L3slw lineations are well orientated (see Fig. 5.7). At the eastern 

part of this area, an older NW -SE trending lineations (L3"P) and fold axes formed during 02 event are preserved. 
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80 (L3stp) that is only found in a - 100 m wide, NW trending near vertical compressional belt in the 

north part of this area. An older tight upright fold (F3a) with fold axis parallel to the steeply plunging 

lineation is present in this belt (Fig. 5.8A). The steep lineation is bent around the axes of later 

recumbent folds (F3d, Fig. 5.8B). The younger lineations associated with the domed foliations plunge 
0 

generally Jess than 25 and can be subdivided to two sets. The lineations found inside the dome define a 

radial distribution pattern within a more or less horizontal surface along curving lines centred on the 

dome (Figs 5.6B and 5.7 A, B). These lineations are parallel to the axes of the recumbent folds (F3b) 

with sub-horizontal axial-plane foliations that define the domal structural pattern. The third set of 

lineations are mainly developed in the western margin and the central part of the domal area where the 

gneissic layering become steeper. These lineations are consistently plunging to the SW at less than 25 

degrees. In outcrop, the SW shallow plunging lineations are parallel to other syntectonic linear 

structures such as elongated boudins, rodding structures and axes of isoclinal folds (Figs 5.2 and 5.8C) 

and are part of the regional L3sJw lineations. 
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Figure 5.7 Projection of structural elements in TIG gneiss dome in Liugou-Zhaojiayao area, north Huaian. A and B- plots 
of the orientation of the mineral lineation, fold and crenulation axes; C and D- plots of poles to the foliation. 
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Figure 5.8 Deformation on outcrop-scale and kinematic interpretation in the lower and intermediate litho-tectonic 
domains. A) cross section of the older compression belt in the Zhaojiayao-Liugou area, north Huaian. Gneiss layers are 

folded into tight upright folds (F3a) with steeply plunged fold axes; B) enlarged figure of A showing the details of the 
deformation in the compression belt where the F3a upright fold is overprinted by a later open recumbent folds (F3d). The 

steep lineation (L3stP) is bent around the F3d fold axis; C) co-linear fabrics N of Dongyanghe. 3-D view of an outcrop close 
to a steeper high-strain belt in north Dongyanghe of north Huaian. Different kinds of linear structures are well co-lineated; 
D) 3-D view on an outcrop from the felsic gneiss of NE Tianzheng (location see Fig. 5.11. A photo on the surface normal to 
the lineation is presented in Fig. 6.7B). It shows that the intersection lineations due to crenulations are parallel to the mineral 
elongation direction and are formed by a contemporaneous compression and extension. 

Locally, more than one lineation (see Table 5.1) is preserved, generally within areas where the 

gneissic layering is steep, that is, part of the regionally developed lineation pattern. The steeper 

layering is folded by tight upright folds (F3a) with steeply plunging fold axes that are parallel to the 

steeply plunging lineation (L3stp). These folds are superimposed by open recumbent folds (F3d) with 

fold axes parallel to the shallowly plunging lineations (L3slw), and the steeply plunging lineation (L3stp) 
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is overprinted by a later shallowly plunging lineation similar to those developed in N of Mashikou (see 

below). 

Fold geometries in the domal areas are complex (see Fig. 5.3 and Table 5.2). On the 

outcrop-scale, the earliest folds are isolated isoclinal intrafolial folds (F2) , usually defined by mafic 

layers in a more felsic matrix. These folds are overprinted by one or several generations of open to 

closed recumbent folds (F3a-e), and then by a later generation of open folds (F3g-j). Locally the F3b 

and F3d folds lack an axial planar foliation and have fold axes that parallel the regional shallow 

extension lineation (L3slw ), but the F3c folds display a strong flattening and a sub-horizontal axial 

planar foliation that defines the D3 shallowly dipping high-strain zone and the domal pattern. In the 

latter case, the F3c fold has highly variable fold axes that do not parallel the L3slw lineation. However, 

every outcrop occurs within the large-scale folds that characterise the domal, antiformal-synformal 

pattern outlined by the gneissic layering (Fig. 5.6A). In general, the sides of the domal structures are 

characterised by recumbent folds , which locally tighten to an almost horizontal transposition fabric. 

The domal geometries and related folds resemble geometries described for (advection-driven) mantled 

gneiss domes (e.g. van den Eeckhout, 1986). 

5.3.2 Antiformal structures north of Mashikou 

Similar domal or antiformal structures about 2-3 km size also appear in a mixed lower and 

intermediate TTG gneiss units association in north Mashikou (Fig. 5.9) . These structures have an 

asymmetric oval-shape that is defined by a steeply NW and SE dipping gneissic foliation inside the 

dome, and disturbed by the presence of several steeply dipping high strain belts around the dome. An 

older gneiss layering (S2) comprising garnet-bearing mafic rocks is locally preserved in the center of 

the dome associated with tight folding (Fig. 5.3B). This gneiss layering dips steeply SW (230175) and 

is reworked by several later fold generations. An earlier generation formed isoclinal folds (F3a) with 

fold axes that plunge steeply towards S or SE, and which are refolded by later open to tight recumbent 

folds (F3d) with shallow SW plunging fold axes that parallel the regional extension lineation L3slw. A 

similar deformation sequence is also found within the Zhaojiayao-liugou domal structures mentioned 

above. Three sets of mineral lineations are found to correspond with the above sequence, of which the 

shallowly SW plunging lineations (less than 25 degrees) are pervasively developed either in the older 

gneiss layerings or theSE and NW steeper dipping foliations that define the anti formal structure here. 

The structures preserved in N Huaian and N Mashikou described above show that the lower 

litho-tectonic domain is dominated by domal or antiformal structures and has a progressive flattening 

history. The deformational kinematics occured in the lower litho-tectonic domain are discussed in 

section 10.1.3, Chapter 10. 
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Figure 5.9 Sketch map in the area between Mashikou and Xiaobazi. It shows the regional structural pattern and occurrences 
of 02 and 03 structural elements. Both TIG gneiss in the south and khondalite in the north are exposed in this area. The 
contact between these two rock units is occupied by a Mesozoic fault basin. Structures in the TIG gneiss appear as krn-scale 
antiforms intercalated with steeply dipping high strain belts. Several generations of foliations and lineations with different 
orientations can be recognized. An older NW trending gneissic layering (S2) folded by F3a and corresponding SE steeper 
plunging lineation (L3«p) remains in the central part of the antiforms (see index map). 03 fabrics of the same orientation are 
visible within a later chamockite. The khondalites on the top of the TIG gneiss are dominated by one gneissic layering where 
isolated 04 ductile shear belts were developed relatively more common than those in the TIG gneiss. Profile a-b is shown in 
figure 4.5. 
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5.4 Geometry and structural patterns in the intermediate and upper litho-tectonic domains 

The D3 structures in the intermediate and upper litho-tectonic domains are largely similar even 

though different lithological and metamorphic characteristics indicate that both domains underwent 

separate histories during at least part of the granulite facies event (Zhang et a!. , 1994 ). Considering the 

geometrical similarities for the main granulite facies events, the structural features of both domains are 

discussed together in this section. 

The intermediate structural domain appears as a shallow dipping high-strain zone comprising 

mainly biotite-rich gneiss as the described intermediate litho-tectonic domain. Structures in this domain 

are mainly related to SW shallowly plunging lineations (L3slw). The main lithological units occur as 

em- to m- scale interbedded felsic and mafic granulite sheets that remain on the top of the TTG gneiss 

domes. Investigations at N ofWayaokou (Fig. 5.10), E ofTianzhen (Fig. 5.11) and W of Yanggao (Fig. 

5.12) show that they are characterised by one foliation with intrafolial folds and generally clear 

stretching lineations (L3slw, see table 5.1 ). Fold axes are parallel to these lineations. The upper domain 

preserves more pervasive evidence of the later (1900 Ma) granulite facies overprint. Orientation of the 

D3 lineations in the upper domain is slightly different (10-20°) from those in the intermediate domain 

(see Fig. 4.3 and discussion in section 5.5.2 and in Chapter 6). 

On a regional scale, the orientation of the dominant planar foliation varies from place to place 

depending on localised deformation history. This is partly due to later open fold (F3f> geometries with 

fold axes that parallel the L3slw lineation. These km-scale fold structures (see Table 5.2 and the section 

5.2.2) can be subdivided into wide segments where the foliation is shallowly dipping and appears 

relatively less intense (less closely spaced); and narrow segments, where the foliation is steep and 

intense (more closely spaced) and which represent more strongly sheared fold limb areas. Locally steep 

high strain belts occur. Exposures typical for the various geometries encountered in the intermediate 

and upper structural domains are discussed below. 

5.4.1 Contact between the lower and intermediate litho-tectonic domains 

Along the road section between Wulidong and Wayaokou (Fig. 5.10) the contact between the 

lower rock units of the intermediate domain (M-TTG 1 and L-khond.) to the west and the top unit of the 

lower domain (L-TTG2) to the east is well exposed. Further to the east, larger scale gnt-bearing mafic 

high-pressure granulite lenses occur parallel to felsic gneissic layering at the base of L-TTG2 followed 

by a more mafic lowest TTG unit (L-TTGl). The gneissic foliation in both rock associations is 

extremely strong but variable. The intensity of the TTG gneiss foliation (and SW-plunging lineation), 

which can be expressed in terms of planarity of the foliation, decreases away from the contact, whilst 

the width and spacing of different layers or lithological domains defining the foliation increases. Near 

the contact, where the foliation appears most intense, F3c recumbent folds (Table 5.2 and Figs 5.3D & 

5.4B), shear bands (see Fig. 6.2) and leucocratic veins (see Figs 4.4C and 5.5D) are common. Locally, 

76 



N 

a 
.. "1. 
.. 1. 

l_.i l Sili-Gnt gneiss lr l 

Lower litho-tectonic domain 

0 

Wayaokou 
11:€ 0 b 

Gnt-bearing mafic granulite 

I 
0 felsic granulite dominated TTG gneiss 

mafic granilite dominated TTG gneiss 

Intermediate litho-tectonic domain D Biotite-rich gneiss 

2 km 

Figure 5.10 Sketch map of the area between Wulidong-Wayaokou. A lower unit of the lower litho-tectonic domain, which 
contains more mafic granulite, is well exposed at the eastern part. All rocks in this area, including the lower and upper units of 
the TIG gneiss and the biotite rich gneiss, are highly affected by the 03 deformation. Orientation of the foliations show a 
dominating domal structure in the east. Lineations from different rock units plunge pervasively to SW at about 10 to 30 
degrees. Kinematic .indicators show a top to the SW movement. Structural symbols are the same as used in figure 5.9. 
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clear evidence exists that the foliation developed during more than one stage of progressive 

deformation/transposition, because tonalitic to granitic leucosome veins that truncate gneissic layering 

are locally sheared into parallelism with gneissic zones within the same layering. This multi-stage 

evolution of the gneissic layering may also be reflected in the localized preservation of more than one 

mineral elongation lineation. Although orientation of the foliation is variable, the dominant D3 L3slw 

lineation shallowly plunges to SW (see Fig. 4.3C) and is defined by sillimanite in the khondalite (Fig. 

5.1B) and by coarse-grained "stubby" hornblende grains, elongated spots of plagioclase-opx 

pseudomorphs after garnet and streaks of leucocratic, feldspar-rich, mineral aggregates in the TTG 

gneiss (see Table 5.1 and Figs 3.5 and S.!C). In general the lineation is weak, probably due to 

recrystallization. Occasionally, a lineation that plunges to the WSW (250-260/20-30) occurs at the top 

of the intermediate domain. It appears to be associated with a slightly different flow direction that 

occurs in the upper domain (see details in Chapter 6). The changes in foliation trends can be explained 

as a result of the doming process at the eastern part, similar to the area N of Huaian. The domal 

structures developed here are less well-developed than in N Huaian, or alternatively, more intensely 

transposed within the regional shallow foliation trends, and typical of the intermediate structural 

domain. 

5.4.2 The lower segment of the intermediate litho-tectonic domain 

The rocks E of Tianzen consist of three mid-lower units of the intermediate domain (Fig. 5.11) 

with a more mafic base (M-TTGl) and a more felsic top (M-TTG2) separated by a SO m wide layer of 

graphitic sillimanite-garnet gneiss (L-khondalite). The rock association here is strongly foliated and 

contains a large number of mafic and/or basic granulite lenses at different scales. A -100 m wide lens 

of gnt-bearing mafic high-pressure granulite, with a well developed symplectitic texture that replaces 

garnet, is found in the felsic gneiss unit in NE Tianzhen, where the gneissic layering has shallow dips 

to the SW and follows the do mal structure in the north of figure S .11. The foliations are variable in 

orientation E and SE of Tianzhen where outcrop scale syn-tectonic flow-folds are strongly developed. 

L3slw lineations in the these rocks are generally obscured due to later recrystallization, but rarely clear 

lineations are preserved in the mafic high-pressure granulites as coarse-grained, "stubby" hornblende, 

elongated spots of plagioclase-opx which could have pseudomorphed earlier garnet (e.g. Fig. 3.5B), 

and streaks of leucocratic, feldspar-rich, mineral aggregates in the mafic gneiss (e.g. Fig. 5.4A). The 

L3slw lineations plunge consistently and shallowly to the SW (220-230/10-30) irrespective large 

directional variations in the strongly developed gneissic layering. The gneissic layering contains rare 

intrafolial folds , and the directional variation defines km-scale open folds with fold axes that parallel 

the L3slw lineation. 

The progressive deformation within the intermediate domain can be reconstructed due to 3-D 

outcrops. In the fel sic gneiss, a em-scale alternating quartz- feldspar and biotite-rich layering is 

developed (Fig. 5.8D). On the surface of the gneissic layering, co-linear D3 mineral elongation 

lineations, feldspar-rich mineral aggregates and crenulation lineations all plunge to the SW (220/35), 
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Figure 5.11 Sketch map of eastern Tianzheng showing the deformation in the intermediate litho-tectonic domain. Although 

orientations of the foliation in this area are variable, the orientation of the L3•lw and related kinematic indicators show a 
consistent top to SW direction of tectonic transport. Structural symbols as in Fig. 5.9. 

parallel to the regional shallow plunging lineation (L3slw). On a section parallel to the lineations, 

asymmetric mineral porphyroclasts and boudinage derived from the quartz-feldspar layer, show a 

consistent asymmetry (Fig 5.80) and a top to the SW, normal sense of movement. On a section vertical 

to the lineation, the quartz-feldspar layers are strongly sheared to form asymmetric crenulations with 

thinner or offset reversed limbs (Fig. 5.80). 
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5.4.3 The upper segment of the intermediate litho-tectonic domain 

The upper part of the intermediate domain is exposed in west Y anggao (Figs 3.1 C & 5 .12). 

Rocks in this area are dominated by TIG gneisses (M-TIG2) to the west and a more felsic gneiss 

(Up-TIG) to the east, separated by a -50 m thick shallow dipping high strain zone (see Fig. 4.4C). The 

shallow dipping high strain zone consists of strongly foliated garnet-bearing quartzofeldspathic gneiss 

layers interlayered with biotite-rich gneiss and mafic/basic granulite lenses. The garnet-bearing 

quartzofeldspathic gneiss layers involved in the zone, and also those occurring to the north in the E 
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Figure 5.12 Sketch map showing 
rock associations and structures 
between Zhangxiaochun and Buziwan, 
western Yanggao. A rock unit consisting 
of interbedded biotite-rich gneiss and 
garnet-bearing felsic gneiss (Up-TIG) 
is separated by a D3 high-strain zone to 
the east and a more mafic TIG rock 
unit (M-TIG2) to the west. 
Deformation in the Up-TIG is much 
stronger than that in the M-TIG2. A set 
of undeformed luecosomes developed 
along the D3 high strain zone between 
the two rock units. The orientation of 
the foliation shows a domal structure in 

the north part of the area. The L3' 'w 
lineations and kinematic indicators 
show a top to SW decollement during 
03. Structural symbols as in Fig. 5.9. 

Shoukoubu area, are probably part of the mid-khondalite unit. Although no sillimanite was found, a 

coarse undeformed garnet-bearing granite that intruded along these layers is similar to the S-type 

granite which is widely present in the upper khondalite unit. Locally undeformed opx-bearing 

leucocratic veins (Fig. 4.4C) along the contact between the biotite-rich gneiss and basic granulite layers 

also occur in this zone. Orientations of gneissic layerings above and beneath the zone are consistent and 

dip shallowly to the SE or SW and show a southward plunging synform nose on a map-scale (Fig. 

5.12). A near-vertical high strain belt about 100m wide occurs in the west (see Fig. 2.4, close to site 
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18). The character of the lineations are similar to those in theE Tianzhen and Wulidong-Wayaokou 

areas, and all are approximately plunging 25-35 degrees to the SW (see Fig. 4.3E), even where the 

gneissic layers are steeper in the near vertical high strain belt. Lenses of garnet-bearing mafic granulites 

that reached high pressures of 12-14 kbar (Zhang et al., 1994) are present in both rock units with 

development of various symplectitic textures: opx-plag aggregates completely replace garnet in the 

more felsic gneiss and a symplectite with thinner corona occurs around garnet in the TTG gneiss. The 

symplectites are elongated, to various degrees (Fig. 4.4D), parallel to the L3slw lineation. 

5.4.4 Large sheath folds on the top of the intermediate litho-tectonic domain 

In the Huangtnyao area two krn-scale sheath fold noses (Fig. 5.13, areas A and B) defined by 

the middle khondalite unit (M-khond) are exposed within the TTG gneiss along the stratigraphic top of 

the intermediate structural domain. These structures have been described by Wu et al. (I 994 ), whose 

principal observations are presented here. 

Wu et al. (1994) subdivided the structures into three groups. The earliest structures (D 1) are 

restricted to the TTG gneisses and are represented by interfolial rootless folds and recumbent folds with 

variably oriented fold axes. A second group of structures (D2) resulted in the infolding of a khondalite 

unit into the TTG gneiss defining sheath-like geometries (see a section in Fig. 5.13). Oriented 

sillimanite, parallel to the axis of the sheath fold (shallowly plunging to the SW), indicates that this fold 

developed during the main stage of granulite facies metamorphism. The sheath folds were subsequently 

refolded by open, upright folds defining a synformal structure (D3) that contains no penetrative 

foliation and a fold axis parallel to the mineral lineation and the axes of the sheath folds. 

The khondalites in the Huangtuyao area comprise garnet-bearing felsic rocks, graphitic 

sillimalite-garnet gneiss and marble. Because the marble occurs near the stratigraphic base, Wu et al. 

(1994) suggest that the khondalites have been overturned assuming that the marble formed near the top 

of a normal transgressional stratigraphic sequence. Considering the intensity of deformation and lack of 

knowledge of original stratigraphy, this argument is very tentative at best. 

The khondalite sequence outcrops within an oval-shaped zone with a long axis of 8 krn, which 

comprises two metasedimentary lenses separated by charnockite and TTG gneiss. The southern lens 

(Fig. 5.13, area A) occurs as a hook-like synformal structure, that closes upon itself. In outcrop, a series 

of older upright folds (Fl) plunge shallowly to the NE (70/10\ Later sheath folds (F2) and mineral 

elongation lineations are parallel and plunge very shallowly (0-10°) to the SW (220-230\ The 

khondalite outcrop to the N defines an oval-shape synformal structure (Fig. 5.13, area B). Sheath folds 

within this unit plunge shallowly to the SW (235/06) parallel to a mineral elongation lineation defined 

by sillimanite (230/09). The upper TTG gneiss unit between both khondalite lenses preserve boudin 

structures and D3 stretching lineations that parallel the lineation in the khondalites. The contact 

between the khondalite lenses and the TTG gneiss is strongly sheared and parallels the gneissic 

layering within the TTG gneiss and the khondalites. 
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Wu et al. (1994) suggested that the sheath folds developed in response toNE-directed thrusting, 

based on their interpretation of the large-scale vergence geometry of the sheath folds. Other than this, 

they did not report on any kinematic indicators. It is important to realise that the axes of the folds 

parallel the regional L3stw lineation within the intermediate domains. 
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Figure 5.13 Simplified geologic map showing larger sheath fold in the Huangtuyao area after Wu et al. ( 1994) . Section 
corresponds to the line a b. 

5.4.5 Contact between the upper and intermediate litho-tectonic domain 

Between Mashikou and Xiaobazhi, predominantly felsic TIG gneiss is exposed, which, to theN, 

is in contact with khondalite (see Fig. 5.9). The TIG gneiss occurs within the intermediate 

litho-tectonic domain, and is characterised by a constantly SW to WSW plunging L3stw lineation. The 

lineations with a more westerly plunges occur further N (see Fig. 4.3B). The dominant planar gneissic 

foliation defines a -4 km wide antiformal structure with a fold axes sub-parallel to the L3stw lineation. 
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Inside the antiformal structure, a largely recrystallised earlier mineral aggregate lineation (L2), that 

plunges to the SE at moderate to steep angles, is preserved (see index map in Fig. 5.9 and Fig. 4.38) 

and is folded around rare later recumbent folds (F3d. Fig. 5.38). Structures at the NW rim of the TIG 

gneiss are characterised by numerous open to tight recumbent folds and crenulations (F3c and F3e, Fig. 

4.50, E) with fold axes parallel to the L3siw lineations (see plots in Fig. 4.38). In the central part of the 

antiform, the gneissic foliation is planar, locally preserving intrafolial folds. The overall shape of the 

antiform, with recumbent folds on its limbs, is typical for advection-driven gneiss domes (van den 

Eeckhout, 1986) and represents a less complex equivalent of the structures N of Huaian. The earlier 

lineation may represent evidence for the prograde deformation history. 

North of Xiaobazhi, the khondalites are exposed. These generally preserve a strong 

foliation/lineation defined by sillimanite domains that wrap around garnet; graphite is common. The 

foliation is variably oriented, but the mineral lineation defined by sillimanite crystals is constant and 

plunging at 250-260/25 (Figs 4.3A and 5.9) parallel to the lineation in the adjacent TIG gneiss and to 

fold axes associated with isoclinal intrafolial folds. Several larger, irregular patches of garnet preserve 

sillimanite inclusion trails that are oriented at 345/30, across the various outcrops that were visited. 

This internal lineation may also reflect remnants of the prograde stage of deformation. 

5.5 Later reworking in granulite facies 

03 structures are affected by a later deformation at granulite facies condition, labelled 04, that 

followed the 03 deformation which occurred at a lower crustal level (see general description in Chapter 

4). 04 deformation in the western part of the terrain is characterised by strike slip and oblique normal 

sense shearing in NE trending steeply dipping narrow zones, which locally follow the 03 steeper 

high-strain belts (Figs 2.4 & 5.19). In the eastern part, the Manjingou area, 04 deformation is related to 

E-W trending dextral shearing, and probably follows an older top to the east movement (Figs 5.17 & 

6.10). 

5.5.1 The NE trending steeply dipping, high-strain belts 

Following 03 deformation, localised high-grade ductile shear belts developed that are mostly 

concentrated within previous steeper high strain zones along Oatong-Huenyuanyao-Xiaobazhi area (see 

Figs 2.4 & 5.19). The major ductile shear belts trend to NNE and are several tens to a few hundred 

metres wide. Both basement and allochthonous cover rocks are interleaved in these zones . Rocks in the 

steeper 04 ductile shear belt are strongly foliated into em- to dm- scale straight felsic layering 

intercalated with basic granulite lenses or boudins (Fig. 5.168). The foliation is near vertical in the 

centre of the belt but gradually shallowing toward to the sides (Fig. 5.14). Regionally, these belts are 

located between the TTG gnei ss domes. At least two generations of tight to isoclinal folds occur in 
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these belts. Sense of shear indicators, such as asymmetric feldspar clasts, asymmetric garnet 

porphyroblasts, shear related folds, S-C fabrics and C' type shear bands are all consistent with a later 

left-lateral movement. 
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Figure 5.14 Cross section though the Gushan-Zhaojiayao area, north of Datong. An antiform exists in the TTG gneiss in 
the E of the section. Microlithons of both khondalites, biotite-rich gneisses and TTG gneisses are structurally in contact with 
each other to the west along series steeper high-strain belts. S-type granites were developed in the khondalites. Kinematic 
indicators show that the khondalites in the western part of the profile were displaced downward to the WSW. 

West of Gushan (Fig. 5.14), a steeply dipping, highly strained khondalite-TIG gneiss 

contact is exposed that displays multiple stages of deformation. The Sgn strikes NNE-SSW and dips 

steeply to WNW. Two fold generations are found in the steeper shear belt. In the TIG gneiss, the 

earlier is characterised by an Sgn that envelopes intrafolial folds which preserve clear axial planar 

foliations (Fig. 5.16A) with shallowly plunging fold axis (see Fig. 4.3F). The Sgn is folded by later open 

to tight asymmetric folds (F4, Figs 5.3F and 5.15) with fold axes close to or parallel with the steeply 

plunging mineral elongation lineation (see Fig. 4.3F). 

Both steeper and shallow plunging lineations (L4) are found in the high-strain shear belts. The 

khondalite preserves two sillimanite lineations, each occurring within the main foliation, either within 

separate domains or as overprinting lineations . The earlier lineation shallowly plunges to the SSW 

(200/30); the later lineation is subvertical and is paralleled by the axes of a series of open to tight 

upright folds (F4, see Figs 5.3F and 5.15). Shear sense indicators are rare, but shear bands suggest that 

the steep lineation is associated with a left-oblique (SW-down ) sense of movement (oblique normal 

sense of shear). 

A characteristic of the outcrops in the Gushan area is the large amount of leucocratic material in 

leucosomes, which occurs as irregular veins or smaller pockets that truncate the gneissic layering. Such 

veins have a granitic composition with a large amount of biotite in the khondalite and consist of 

plag-q-opx in the adjacent TIG gneiss. The leucosomes locally comprise 50% of the outcrop. 

The D4 deformation in the khondalites N of Xiaobazhi is restricted to localized, mutually 

cross-cutting shear zones (see Fig. 5.9) with a trend and movement sense that is similar to those in the 

Gushan area. Further to the NW of the terrain in the Hongshaba area (Figs 2.4 & 4.2), where D4 shear 
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zones transect both the khondalites and larger undeformed S-type granites (Fig. 4.4F), the trends of 04 

shear zones are changed from NNE to ENE. Rocks i.n these zones are strongly mylonitised (Fig. 4.4F) 

and the S4 mylonitic foliation is generally defined by the orientation of biotite neocrysts, and elongated 

quartz and feldspar grains. In the metapelite, neogenic sillimanite crystals and stringers of 

inclusion-rich garnet occur. The garnet has overgrown the sillimanite-biotite foliation and asymmetric 

tails have locally developed (see Fig. 6.1 D). Thin (< 50 em) undeformed leucosome veins are emplaced 

along or transect S4 foliation (see Fig. 5.5C) and suggest that limited partial melting (PM3) occurred. 

The high-strain zones within the khondalites, like the one described here, record evidence of 

two overprinting metamorphic events. Lu (1991) suggested that the early lineation equates to the 

regionally dominant, Palaeoproterozoic event, while the later, steep lineation, boudinaging, folding and 

melting formed during a high-grade overprint probably around 1900 Ma. Outcrops like this are largely 

confined to the upper structural domain, which shows increasing amounts of reworking by the 1900Ma 

event further to the NW. These later events will not be further considered here. 

Figure 5.15 Asymmetric fold " with 
subvertical fold axis in a 04 steeply 
dipping shear belt, Gushan area, north of 
Datong city 
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Figure 5.16 Photographs showing outcrop-scale structures in the steeper high-strain belts (0 4) in the Gushan area. A) An 
earli er tight fold in the belts has a fold axis parallel to the regional shallow dipping lineation; B) Outcrop in the steeper high 
strain belts where the gneiss is strongly foli ated into straight felsi c layering intercalated with basic granulite lenses or 
boudinages. The foli ation is near vertical. Some basic granulite lenses prese1v e an internal foliation that is oblique to the 04 
foliation. 
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5.5.2 Later reworking in the Manjingou and N Huaian areas 

In the Manjingou area (Fig. 5.17), the contact between a lower unit of more mafic TIG gneiss (M

TIG 1) and overlying felsic granulites (M-TIG2) is characterised by several layers of the lower 

khondalite unit (see Fig. 3.2). All units preserve a moderately dipping (20-40°) gneissic layering towards 

the ESE in the north and gradually changes to a south dipping direction in the south. The layering shows 

an arcuate pattern on a map scale that converges close to Majingou village. Lineations defined by 

sillimanite in the khondalite and a largely recrystallised mineral aggregate lineation in the TIG gneiss all 

have a near-horizontal, E-W orientation, but plunge eastward (about 80°/2-25°) north of the convergence 

and westward within the convergence zone. The lineations in the vicinity of the convergence are 

associated with a series of later shear bands that are well-developed in the khondalite. In the TIG gneiss, 

directly underlying the khondalite, garnet-bearing mafic granulite occurs that has yielded high-P 

assemblages (Zhai et al., 1992). These rocks contain complicated multistage corona textures (see Fig. 

3.4C, D) with early peak-assemblage garnets wrapped in the dominant gneissic layering and largely 

replaced by recrystallized plag-opx aggregates that are elongated in the E-W lineation. This indicates that 

decompression was contemporaneous with the development of the earlier lineation and is indicative of a 

top to the E sense of shear. Later garnet is locally developed and appears to overgrow the foliation as 

well as the oriented plag-opx aggregates. The new generation of garnet is also partly replaced by a 

second generation of plag-opx pseudomorphs (Figs. 3.4C, D and 3.6), which are not oriented or 

recrystallised. The second generation garnet may reflect the effects of the 1900 Ma high-grade 

metamorphic overprint. 

~ Shu igoukou 
! 

Figure 5.17 Simplified structural map of the 
Manjingou area of south Huaian. Rocks in this area are 
dominated by biotite-rich gneiss with a shallowly dipping 
foliation at the stratigraphic top level to the north, but 
interbedded with lower khondalite layerings and TIG 
gneisses to the south. Orientation of the foliation changes 
progressively from eastward dipping in the north to 
southward in the south, and the deformation is stronger in 
the south, whilst the lineations are constantly plunging 
eastwards in the central and northern part and westward in 
the south close to Manjingou. Large scale lenses of basic 
granulite, high-pressure mafic granulites, and sillimanite
·garnet gneiss occur in the southern section where the 
orientation of the lineation is reversed. (see Fig. 5.11 for 
legend) 
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5.6 Discussion and conclusion 

5.6.1 The co-linear fabrics and their tectonic implications 

Interest in extension-parallel folding in ductile shear zones and late-orogenic processes has 

increased in the last ten years (Chauvet and Seranne, 1994). Origin of the extension-parallel folds was 

suggested to be contemporaneous with an extensional detachment (Mancktelow, 1992; Mancktelow 

and Pavlis, 1994) and reflects a component of horizontal shortening perpendicular to fold axial surfaces 

during extension. Studies based on modelling and field investigations argued that folding parallel to the 

extension direction can be explained by (1) upward pushing by undulatory crustal roots or buoyant 

syn-extensional plutons; (2) buckling caused by compression perpendicular to the extension direction 

(Yin, 1991; Yin and Dunn, 1992); or (3) reorientation during progressive deformation (Bell, 1978). 

Co-linearity is one of the common structural features of the 03 event occur in the Datong-Huaian 

granulite terrain. It shows that most of the 03 linear fabrics including the extensional mineral lineation, 

orientation of elongated pseudomorphs, mineral assemblages, long axes of boudins and of the rodding 

structures are all parallel with the orientation of a syn-tectonic crenulation and with the various 03 fold 

axes at outcrop scale (Fig. 5.18) . On the mapping scale, the L3slw lineation directions are 
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Figure 5.18 Stereogram showing the orientation of 03 linear elements preserved in the TIG gneiss over the study area. 
Lower hemispheric projection. 
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slightly different in the intermediate and the upper domains (see Figs 6.10 and 4.3A-E). In the 
0 0 0 0 

intermediate domain the dominant L3slw lineation plunges shallowly (10 to 30 ) to SW (200 to 230 , 

Fig. 4.3C, 0 , E), whereas the L3slw lineations in the upper domain plunge shallowly to the WSW (250° 

to 260°) (Fig. 4.3A). The difference of the lineation orientations in these two domains suggests that the 

directions of flow during the 03 were not well constrained at the crustal level. The WSW plunging 

lineation occurs in the upper domain and may represent a lateral movement away from the centre where 

the lower crust rose as a result of a progressive uplift due to unloading. Occasionally, the WSW 

plunging lineations occur in the intermediate domain (Fig. 4.3B & C) and shows that an effect from the 

top was present. 

Although the lower domain is characterised by domal structures, most of the domes are 

elongated and sub-parallel to the common 03 movement direction (see Figs 5.6, 5.9 and 5.12). This 

could suggest that the domal structures in the lower domain formed simultaneously with 03 lateral 

movement that occurs in the intermediate domain. 

Although the various F3c, F3d and F3e folds (see Table 5.2 and Fig 5.3) appear at different 

scales of deformation, the D3 crenulations (F3e) are found to be formed on the interfaces of the gneiss 

layering at mm- to em scales, whereas the F3c and F3d folds involved several gneiss layerings at an 

outcrop scale, both of them have a straight hinge line that parallels the L3slw mineral lineation , and an 

asymmetrical geometry when viewed normal to their axis. This co-linear feature suggests that they 

have the same origin in relation to a movement along the D3 elongated mineral lineation direction, and 

a lateral compression perpendicular to the lineation were present during the 03 movement. 

5.6.2 Conclusion 

Structural data obtained from eight areas mapped in detail (see Figs 5.6, 5.9-5 .14 and 5.17) 

presented in this Chapter allow an overview reconstruction of the regional structural relationships and 

tectonic pattern that formed in this terrain. 

Rocks in the Datong-Huaian granulites are strongly affected by a lower crustal deformation. 

The regional scale structural pattern is characterised by TTG gneiss domes and surrounding shallow 

dipping and steeper high-strain zones (Fig. 5.19). 

A major domal structure is si tuated east of the Wayaokou-Wulidong road. Other mappable 

domes or antiforms are found north of Mashikou, north of Huaian and west of Yanggao. Some NW 

trending older gneissic layering (S2) is preserved in the centre of these domes, where the rocks are not 

completely reworked by the D3 deformation (see Fig. 5.9). This layering is generally steeply dipping 

and was deformed into upright folds with steeply plunging fold axes (Fig. 5.3B) as a result of a 

simultaneous compression as discussed above, and refolded by a later generation of folds with gently 

plunging fold axes parallel to the regional extension direction (Figs 5.3B, E and 5.5B). The lower 

structural domain is dominated by progressively developing and flattening domes that penetrate the 
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intermediate and upper domains where structures are mainly related to SW or WSW directed lateral 

flow (see details in Chapter 6). 

The shallow dipping 03 high-strain zone comprises mainly biotite-rich gneiss as described for 

the intermediate litho-tectonic domain. The main lithological units occur as em- to m- scale 

interlayered felsic and mafic granulite sheets that remained on the top of the TTG gneiss domes. 

Investigations N of Mashikou, SE of Tianzhen and W of Yanggao show that they are characterised by 

one straight foliation with intrafolial folds and a generally well developed L3slw lineation. Fold axes are 

parallel to this lineation. It is likely that these features, as well as the co- linear folding episodes, 

resulted from non-coaxial constrictional flow in a sub-horizontal plane. Steeper high-strain belts are 

mainly concentrated in the western part of the area, and are several tens to a few hundreds of metres 

wide. These belts lie between the TTG gneiss domes and acted as strike-slip shear zones which 

accommodated the differential displacement between the domes during a later stage of decollement 

(04). Rocks in the steeper 04 shear belts are strongly foliated with a em- to dm- scale straight felsic 

layering intercalated with basic gran ulite lenses or boudins. The foliation is near vertical in the central 

part of the belt but gradually shallows towards both sides and is inclined towards the domes. 
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~ steep higher- str ai n be lt [2!l] gneiss la ye rin g bri tt le fauh 

Figure 5.19 Structural framework in the Datong-Huaian granulites. It shows the principal foliation orientation across the 
entire area and regional structural pattern. A major TIG gneiss domal structure is situated east of Wayaokou-Mashikou and 
is surrounded by a lower angle high-strain zone compri sing biotite-rich gneiss. The steeper NE trending high-strain belts are 
mainly developed at the western part of the terrain where smaller TTG gneiss domal structures have been raised between 
these belts. Structural symbols are the same as used in Fig. 5.9. 
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CHAPTER6 

Kinematics of the D3 deformation 

6.1 General direction of the D3 movement and shear sense indicators 

As described in chapter 5, two sets of shallowly dipping 03 co-linear fabrics (L3slw) are 
0 0 

preserved in the Datong-Huaian granu lites. One plunges WSW (250 to 260 ) and mainly occurs in the 

upper domain (see fig . 4.3A). Although this lineati on also occurs in the intermediate domain (Fig. 

4.38 , C) as a rare linear fabric , the 03 stretching lineations dominantly plunge SW (200° to 230°) in 

the shallow dipping high-strai n zone of the intermed iate domain (Fig. 4.3C-E, see description and 

discussion in Chapter 5). Occasionally an earlier 02 lineation (L2) is defined by coarse hornblende 

grains and sillimanite inclusion trails in coarse-grained garnets. Plunges of the L2 lineation are variable 

but concentrate locally to theSE in the areas N of Mashikou and W of Yanggao (see Fig. 4.38 , E) or 

NW in the khondalites N of Xiaobazi (see Fig. 4.3A) with moderate to higher angles of plunge. 

Different orientations of the L3slw lineations show that the movement direction was not well 

constrained during the 03 event. The WSW plunging L3slw lineations may be related to a late flow 

mainly occurring at the top of the terrain in a late stage of the 03 event when the lower domain was 

uplifted in the central part of the region as a dome. Since the strongest 03 deformation occurred in the 

intermediate domain which acted as a detachment zone, the general direction of 03 movement is 

therefore constrained in a NE-SW direction. 

In outcrops, symmetrical and asymmetrical small scale structures (Figs 6.1-6.9) are preserved 

separately in sections normal to the foliation and parallel to the mineral lineation. These have been 

interpreted as shear sense indicators formed by simple shear flow (Ramsay, 1980; Ramsay and Huber, 

1983) based on the assumption that the vorticity vector of flow during 03 was highly oblique to L3slw. 

A possible alternative, that the structures formed with a vorticity vector parallel or at a small angle to 

L3slw can be refuted, because progressive deformation histories other than simple shear may operate in 

ductile shear zones, especially at high-grade metamorphic cond itions (Simpson and DePaor, 1993). The 

most commonly cited types of such 'non-simple shear zones' are transpression-, transtension- , 

stretching- and shortening-shear zones (Harland, 1971 ; Sanderson and Marchini , 1984; Means, 1989; 

Paterson and Wainger, 1991; Fossen and Tikoff, 1993; Krantz, 1995; Jones and Tanner, 1995; Jones er 

al. , 1997). In these zones, development of the finite stratn fabrics is affected by monoclinic flow types 

(Passchier, 1997; 1998). Theoretically, during fl ow in model shear zones with a monoclinic symmetry, 

the vorticity vector is parallel to the instantaneous maximum stretching axes (parallel to the stretching 
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lineations) and foliation is normal to the shear zone boundary (Passchier, 1998). This would not be the 

situation in the study area, because the D3 foliations are parallel to the shallowly dipping high-strain 

zone and orientation of the L3slw is parallel to the material transportation direction. However, the flow 

in natural shear zones may be inhomogeneous in some segments. A triclinic flow symmetry may occur 

when the vorticity vector is not parallel to one of the instantaneous maximum stretching axes (Jiang 

and Williams, 1998). This may occur in areas where shear zones develop in a pre-existing relatively 

weak layer or lens bounded by a stronger wall rock (Passchier, 1998). 

In the study area, several types of shear sense indicators were observed in the granulites and 

khondalites, including large asymmetric porphyroclasts of garnet and orthopyroxene, S-C foliations, 

shear bands filled with opx-bearing anorthositic or granitic veins, asymmetric boudinaged mafic layers 

in a more felsic matrix or quartz-feldspar layers in a sillimanite-biotite rich matrix, and conjugate 

structures. In general, both of the SW and WSW plunging lineations that are preserved in the 

intermediate and upper structural domain are associated with a top to the SW or WSW, mostly normal 

sense of shear (see details below). 

6.2 Sense of shear indicators in the centre of the terrain 

In the Wulidong-Wayaokou area (see Fig. 5.1 0), a major domal structure region comprising a 

lower domain to the east is in contact with the shallowly dipping high-strain zone comprising the lower 

part of the intermediate domain to the west. The dominant L3slw lineation plunges SW or NE with low 

angles that range from 0 to 25° (see Fig. 4.3C) and is defined by sillimanite in the khondalite (see Fig. 

5.1 B) and by coarse-grained, "stubby" hornblende, elongated spots of plagioclase-opx pseudomorphs 

after garnet and streaks of leucocratic, feldspar-rich, mineral aggregates, in the TTG gneiss (e.g. Figs 

3.5, 5.1 C and 5.4A). In general the lineation in the lower domain is strongly recrystallized but is visible 

in the intermediate domain. 

Figure 6.l(A-D) ~ 
Symmetrical and asymmetrical small scale structures preserved in outcrop. All sections sub-parallel (with 0-20° 

differences) to the 03 stretching lineation (L3,1w) and normal to the S3 foliation. A) Orthorhombic symmetric porphyroclasts 
of garnet mantled by plagioclase-biotite (under the pen) in a mafic granulite of the lower domain. East of Sifangdong 
between Wulidong and Wayaokou; B) Asymmetric o-type porphyroclasts of garnet with tails made up of plag-bi (central left 
in the photo B) in khondalite of the upper domain. Embayment is developed with stair stepping and indicates a sinistral 
sense of shear, N of Xiaobazi; C) weakly asymmetic porphyroclast of garnet without stair stepping in the TTG gneiss of the 
lower domain, E of Sifangdong between Wulidong-Wayaokou (see interpretation in fi gure 6.2C); D) Asymmetric cr-type 
shear indicator comprising boudinaged quartz layer in sillimanite-garnet layering in the upper domain. Dextral sense of 
shear (see interpretation in figure 6.9A). Outcrop from Yangfanggou, W of Gushan. 
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Figure 6.l(E, F) E) weakly asymmetic porphyroclast of garnet without stair stepping in the TTG gnei ss of lower 
domain. E of Sifangdong between Wu lidong-Wayaokou (see interpretation in fi gure 6.20) ; F) Asymmetric o-type 
porphyroclasts of garnet with tai ls made up of plag-bi (center in the photo F) in khondalite of the upper domain. Embayment 
is developed with stair stepping. Dex tral sense of shear. N of Xiaobazi. 

Sense of shear indicators related to the SW-plunging lineation in the lower domain are rare, 

however in one outcrop along a creek, several km E of Sifangdong between Wulidong-Wayaokou 

(location see Fig. 5. 1 0), numerous shear indicators occur in a charnockitic to enderbitic gneiss 

(Sgn=270/30, L3stw=2 15/15) of the lower domain close to the boundary between lower and intermediate 

structural domains. Asymmetric structures and cr-type porphyroclasts (Fig. 6.2), that are defined by 

coarse-grained (< 5 em) garnet and opx crystals with asymmetTic tails of plagioclase-biotite occur and 

do or do not di splay stair-stepping. 

Some outcrop scale asymmetries, that are displayed by mafic boudins with shear band 

development in between (Figs 6.2A, B), and sigma-type clasts (Figs 6.1 C, E and 6.2C, D) indicate a top 

to SW sense of shear. The different shear sense indicators were developed next to each other even in 

one outcrop (Fig. 6.3). Besides, the shear sense indicators developed inside the lower domain or at its 

rim mostly are not good sigma or delta objects and are not observed in direct association with a 

lineation. Variously oriented outcrop sections indicate a top to the NE or to the SW sense of shear. The 

above conflicting shear indicators become more consistent in the shallowly dipping high-strain zone 

westwards from the contact between lower and intermed iate domains. In the intermediate domain, 

along the road between Wulidong and Wayaokou, outcrop scale asymmetric structures are very 

common. Sense of shear indictors associated with the SW-plunging lineation compri se rotated boudins 

seperated by shear bands (Figs 6.2A), shallowly dipping D3 shear zones (Fig. 6.4A and 6.6B), 

asymmetric boudins (Fig 6.5C) and intrafoli al folds of mafic and basic gnei ss embedded in a strongly 

foliated felsic matrix (Fig. 6.5A, B). These structures indicate a top to the SW movement sense. Many 

outcrops all through the Wulidong Wayaokou area contain low angle shear bands fi lled with opx

bearing anorthositic to granitic veins (Figs 5.5D and 6.6C). 
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Figure 6.2 Illustration of asymmetric structures on outcrop scale and their kinematic interpretation. All sections are sub

paralle l (with 0-20° differences) to the 0 3 stretching lineating and normal to the 0 3 fo liation. A) Boudins of mafic to basic 
granulite and shear bands developed in the shallowly dipping high-strain zone. Sinistral movement showing top to the SW 
sense of shear. N of Sifangdong along the road between Wulidong and Wayaokou; B) lntrafo lial asymmetrical fo ld (F3c) of 
a mafi c layer in the shallowl y dipping high-strain zone. Sinistral movement showing a top to the SW sense of shear. S of 
Sifangdong along the road between Wulidong and Wayaokou. C and D) 8-type porphyroclast of garnet with slightly 
deformed pseudomorph after garnet in the ITG gneiss of lower domain, E of Sifangdong. Illustrated from photos of Figure 
6. 1 C and E respecti vely. 

In an outcrop near Wulidong (location see Fig. 5.10), a 50 m scale D3 lower angle extensional 

shear zone (Sgn=240/19, L3stw=l90/10) occurs with -2m thick granitic veins emplaced along secondary 

shear bands (Fig. 6.6). The secondary shear bands and veins dip moderately to the south and the 

structures are indicative of a top to the S or SW sense of shear. Similar shear bands associated with 

granitic veins occur in several outcrops S of Wulidong. The above structures are truncated by mafic 

dykes and subsequently by pinkgranitic veins. 

Some outcrops contain a low angle shear band and high angle crenulation bands, that can be 

interpreted as conjugate structures developing in a layering subjected to non coaxial flow. In almost 

every outcrop, these structures are consistent and have asymmetries that indicate top to the SW. 
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Figure 6.3 Various shear indicators that are developed in one outcrop close to the contact between lower and intermediate 
domains. Section parallel the 03 lineation and normal to the foliation. E of Shifangdong (location see Fig. 5.8). 

6.3 Sense of shear indicators away from the D3 zone 

Various shear sense indicators are preserved in the places away from the 03 zone. 

Investigations in the west of Yanggao, east of Tianzhen, Huenyuanyao and Manjingou areas of the 

intermediate domain, and north of Xiaobazi and west Gushan areas of the upper domain give more 

information about the kinematics during 03 deformation. 

West of Yanggao (location see Fig. 5.12), the gneiss contains deformed plag-opx 

pseudomorphs after garnet formed during or after the period of shear, depending on bulk rock 

composition (see description in section 3.4, Chapter 3 and in Chapter 7). These pseudomorphs are 

flattened and elongated parallel to the lineation to define "surf board"-shaped aggregates (see Figs 3.5B 

and 4.40) that make a small angle with the dominant gneissic layering. If the pseudomorphs form 

during the same event that stretched and rotated the gneissic layering, they present only the last part of 

the finite strain. In a non-coaxial flow history, they will lie at a smaller angle to the instantaneous 

extension direction with respect of the layering, and this can be used as a shear sense indicator, similar 

to a s-c fabric. If so, this structure west of Yanggao indicates a top to the S or SW sense of shear. 
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Figure 6.4 Photographs showing the various shear indicators: A) Shear bands that developed during one prograde event and 
indicating a top to SW, normal sense of movement. OutcropS of Wulidong. B) Foliation boudinage formed by a non-coaxial 
flow in the shallow dipping high strain zone. Top to SW sense of movement, S of Wuljdong. 
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Although the D3 foliation E of Tianzhen is variable in orientation (location see Fig. 5.11) , the 

L3slw lineations consistently plunge to the SW (Fig. 4.3D). The D3 shallowly dipping high-strain zone 

in the NE of Tianzhen comprises biotite-rich gneiss interbedded with felsic layerings and, locally, a 

larger amount of garnet-bearing high-pressure mafic granulite lenses are involved. Crenulations are 

well developed in the gneiss (see Fig. 6.78) where the felsic layering is being reworked to a mullion 

structure. Both the crenulation lineation and the long axes of the mullion structure are reoriented 

parallel to the mineral elongation direction. On a section parallel to the lineations, the mullion 

structures are boudinaged by shear bands (See Fig 5.8C) that show a top to the SW sense movement. 

The large-scale sheath folds exposed in the Huangtuyao area (see Fig. 5.13) have been 

interpreted as indicating a top to the NE sense of shear (Wu et al. , 1994). Implicit in this interpretation 

is that the infolded khondalite lens is part of the main khondalite unit that occurs to the NW of the 

outcrop and litho-stratigraphically above the TTG gneisses. However, if the folded khondalite layers 

are related to the litho-stratigraphically lower khondalite horizon, which is exposed to the E near 

Wulidong (see Fig. 3.1), the sense of movement derived from the folds would be top to the SW. Either 

interpretation is possible, and further detailed mapping is required. 

In the Manjingou area (see Fig. 5.17), asymmetric structures comprising intrafolial folds, 

boudins and asymmetric clasts are found in the intermediate domain. These structures are indicative of 

a top to SE or ESE sense of movement (Figs 6.8 and 6.9). However, some sigma-type clasts of 

pseudomorphs, that are mantled by hornblende (e.g. Fig. 6.8B), have cores and tails that are not the 

same mineral (Passchier and Simpson, 1986). These sigma-type clasts, therefore, are indicative of the 

movement sense in a later stage of the D3 deformation as mentioned in section 5.5.2, because the 

hornblende in the tails was formed by a later reaction in the uplift-cooling history of the terrain (see 

description in section 3.4). Within the lower khondalite unit in the lower part of the intermediate 

domain, leucosome-filled asymmetric shear bands also occur indicating a top to the W sense of shear. 

The occurrence of the conflicting indicators, that are occasionally found, is discussed below. 

Several kinds of shear sense indicators related to the D3 lineation are preserved in the upper 

khondalite unit of the upper domain. In W of Gushan (location see Fig. 4.2), some quartz-feldspar 

layers in a sillimanite- garnet gneiss matrix are boudinaged by D3 shear bands that show a top to the 

SW movement (Figs 6.1D and 6.9A). N of Xiaobazi (location see Fig. 5.9), an asymmetric 

porphyroclast of garnet that was pulled apart and in-filled by a sillimanite-garnet matrix (Fig. 6.98), 

and along with some sigma-type clasts (Fig. 6.9D), show a progressive sinistral sense of shear and top 

to the SW movement. 

Figure 6.5 _.... 
Photographs showing boudin structures at the outcrop scale. A) Boudins of mafic granulites in felsic layering 

and disharmonic folds developed near the boudin necks; outcrop in Manjingou area. B) An interfoliaJ boudinaged mafic 
layer in a more felsic matrix with asymmetric tails that indicate a movement of top to the SW. outcrop inS of Wulidong; C) 
Mafic lens in khondalite, W of Sifangdong. 
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Figure 6.6 A) Cross section shows 03 shallowly dipping high-strain zone and secondary normal sense shear bands filled 
with granitic veins. B & C) show details of the section. The more biotite-bearing gneiss layers in the middle of photo B are 
thinned from north to south (from left to right on the photo) by the 03 shallowly dipping shear zones that indicate a top to S 
movement sense. C) a photo showing a 03 secondary shear band with granitic vein emplacement. Both section and photos 
are sub-parallel to the 03 stretching lineation and normal to the 03 foliation , S of Wulidong. 
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Figure 6.7 Outcrop scale asymmetrical structures. A) an intrafolial asymmetric fold comprising garnet-bearing mafic 
granulite layer viewed in an outcrop normal to the fold axis. It shows that the asymmetrical geometry of the fold was formed 
by a sinistral non-coaxial flow in a direction perpendicular to the fold axis, Dahuchun, N of Huaian; B) Crenulations that 

have a hinge parallel to the L3,1w lineation. Outcrop normal to the lineation in the Gejiatun area, NE of Tianzheng (location 
see Fig. 5.11 ). 
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Figure 6.8 Asymmetric structures preserved in the Manjingou area. All sections are sub-parallel to the D3 extensional 
lineation and normal to the D3 foliation. A) Intrafolial fold and boudin of mafic layering showing top to SE sense of shear, 
N of the Manjingou area; B) Asymmetric porphyroclast of pseudomorphed garnet mantled by hornblende in the high
pressure mafic granulite. S of the Manjingou area. 
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Figure 6.9 Asymmetric structures in the upper khondalite unit. All sections are sub-parallel to the D3 extensional lineation 
and normal to the D3 foliation. A) Boudinaged felsic layer in the sillimanite-garnet gneiss with shear bands developed in 
between. Sinistral movement, W of Gushan (see also a photo in Figure 6.1 ); B) Asymmetric (sigma-type ?) clast of garnet 
that was broken during progressive sinistral shearing and filled by a sillimanite-garnet gneiss matri x in the tension fractures. 
It shows a top to SW sense of movement, N of Xiaobazi; C) Intrafolial asymmetrical fo ld comprising quartz-feldspar layer 
in khondalite. It shows a top to SE sense movement. Xiabaiyao, N of Xiaobazi; D) Sigma-type clast of garnet in sillimanite
garnet gneiss . Sinistral movement (normal), Shangbaiyao, N of Xiaobazi . 
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6.4 Implications of opposing shear senses related to D3 asymmetric folds 

Except for the shear indicators that are associated with the SW-plunging lineation mentioned 

above, the syn-D3 folds and crenulations may show another movement sense that occurred 

simultaneously with the D3 stretching. 

Many intrafolial recumbent folds (F3c, see Fig. 5.3D) are preserved in the 03 shallowly 

dipping high-strain zone. Most of these folds have straight fold axes parallel to the dominant L3sJw 

lineation that plunges to the WSW (250-260110-20, see plot in Fig. 4.3A and B) in the upper domain 

and to the SW (200-230/10-30, see plot in Fig. 4.3C, D anf E) in the intermediate domain (see 

discussion in Chapter 5). These folds have an asymmetric geometry 'when viewed normal to the fold 

axis (see Figs 6.28, 6.7A and 4.50, 5.48) that implies a sinistral sense of movement between the 

gneissic layers. Rodded structures (Fig. 5.28) have a similar origin. They formed parallel to the fold 

axis as isolated boudins and show an anti-clockwise rotation around the fold axis (Fig. 6.7 A). It has 

been interpreted that the dominant D3 movement direction is indicated by the orientation of the L3sJw 

lineations, that is parallel to such fold axes. However, the asymmetry of these structures may also imply 

a progressive compression perpendicular to the stretching direction that occurred simultaneously with 

the 03 extension movement (See discussion in Chapter I 0). 

Most of the crenulations (see Fig. 5.1D) in the intermediate and upper domain are parallel to 

the D3 stretching lineation (see Fig. 4.3) in outcrops. These crenulations also have an asymmetrical 

geometry when viewed normal to the lineation. One outcrop in the NE Tianzhan gives a 3-dimensional 

view (Figs 5.8D and 6.78) that shows the crenulations were formed in relationship with a N\Y-SE 

directed lateral compression in combination with top to SW normal sense movement. Whereas in an 

outcrop, between Mashikou and Xiaobazi (for location see Fig. 5.9), close to the cover/basement 

contact, the crenulations are perpendicular to the stretching lineations that occur on the interfaces 

between the gneissic layering (Fig. 4.5D, E). They are related to a normal sense of movement that 

produced exhumation. A common feature of these fabrics is that they are co-linear with the stretching 

mineral lineation. It shows that both uplift and lateral compression normal to the stretching direction 

were present during the D3 movement which was directed towards the SW. 

6.5 Discussion 

Kinematic interpretations depend on the flow pattern of the deformation. A possibility is that if 

the syn-tectonic fold axes are not parallel to the D3 extension mineral lineation, the D3 deformation 

could be viewed as a "triclinic" flow (Jiang and Williams, 1998). However, it may not be the 

deformation situation for the Datong-Huaian granulite terrain. Although the preferred orientations of 

the L3slw in the intermediate and the upper domain are slightly different at the regional scale. As 

mentioned above, they all appear as a co-linear fabric. The F3c fold axes and other syn-D3 linear 
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structures are parallel to the mineral elongation direction at outcrop scale, and the widely distributed 

03 shear bands are normal to the L3siw. This means that orientations of the L3siw are parallel to the 03 

transport direction in the separate domains, and, therefore, the shear sense indicators indicate the sense 

of movement parallel to the L3siw. 

Although the grain shape fabrics and classic kinematic indicators such as s-c fabrics or 

monoclinic asymmetries of feldspathic clasts are generally weak or absent in granulite grade shear 

zones, geometries of the garnet or orthopyroxene clasts in a quartz-feldspar matrix are good shear sense 

indicators. These include garnets and orthopyroxene clasts with biotite-feldspar mantles that preserve 

asymmetric geometries with or without stair stepping (Passchier and Simpson, 1986; Passchier et al. , 

1990). 

Some of the shear sense indicators given m the text are difficult to interpret with absolute 

certainty. However, the best indicators show that in general the gently plunging lineation in the middle 

and upper structural domains is associated with a top to the SW or WSW (Fig. 6.10) movement. 

However, some of the asymmetric geometries of the clasts which indicate a top to the NE movement 

may also be correct. The question is, are these true delta clasts. There are two problems: 

i) The clasts occur along thin hbl-rich selvages, and it is not clear whether these selvages are stretched 

out tails of material derived from the retrograde replacements of the clasts, or whether this material 

is stratigraphic and determined the localisation of the growth of the clasts. 

ii) For some clasts, the asymmetric tails consist of plagioclase biotite and hbl, which was clearly 

derived from retrogression of the clast, making them true tails and not pressure shadows. However, 

are they true delta clasts or sigma clasts that were subsequently flattened? The latter situation is just 

as likely since progressive flattening is a very important mechanism in these rocks (as explained 

above). If the blasts are interpreted as flattened sigma clasts, the sense of shear is top to the 

southwest. 

Three possibilities are suggested to help interpret the conflicting shear sense indicators that are 

preserved, often, in one outcrop: 

a) In the case when top to SW and top to NE sense indicators were formed simultaneously during 0 3 

deformation, then formation of the opposite sense indicators may have been caused by shear 

partitioning or by layer parallel stretching in these structural domains. 

b) The opposite shear sense indicators may have been formed in different deformation events: The top 

to NE sense indicator could have been formed in relation to an early thrusting when the crust was 

thickening, whilst the top to SW normal sense movement could have occurred subsequently when 

the crust was thinning. This suggestion is supported by the investigations near the contact between 
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the lower and intermediate domains E of Sifangdong and in the Manjingou areas, where the normal 

sense of movement becomes weaker downwards to the contact and the top to NE or NW thrusting 

movement are mostly preserved close to the contact or within the lower domain. 

C) Some asymmetric structures are not reliable as shear sense indicators. The "cr + 8 objects" do not 

have the same mineral composition in their core and mantle. They have a geometry which is unlike 

that described for cr- and 8-type mantled clasts in upper crustal shear zones and which have been 

shown to be reliable indicators (Passchier and Touw, 1996). The high-grade mantled clasts in this 

area may have formed by other mechanisms that have not yet been identified. 
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Figure 6.10 Structural map showing representative lineation orientations in the Datong-Huaian granulites with simplified 
fo li ation trends. Orientations of the 03 stretching lineations and fold axes are all sub-parallel in both of the three litho
tectonic domains. The locall y east and southeast shallowly plunging lineation in N Huaian and Manjingou area may reflect 
response to an earlier doming and a later lateral deformation of 03, respectively. Direction of the extensional decollement is 
indicated by sense of shear indicators on outcrops. 
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It is difficult to demonstrate which suggestion is correct because of the intensity of the D3 

deformation. It is possible that the above three possibilities existed during the deformation history 

when extensional collapse followed crustal thickening. The kinematics of D3 deformation will be 

discussed in more detail in Chapter I 0. 
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CHAPTER7 

Petrological studies 

7.1 Introduction 

Special attention was paid to petrological studies of the collected granulite samples. This 

included microprobe analysis using a JXA-8600 superprobe installation at Utrecht University. In total , 

1756 results (see Appendices II and III) were obtained from 36 selected thin sections from the TTG 

gneiss of the lower structural domain, from the khondalite series and from the tectonic melange in the 

intermediate domain. At the end of these studies, a database of mineral chemistry was established for P

T computation using the program THERMOCALC II (Powell and Holland, 1988; Holland and Powell, 

1990). Interpretation of the P-T conditions was made in combination with the results from observations 

on metamorphic reaction textures and from calculations using appropriate geothermometers. 

7.2 Rock type and mineral assemblages 

Eleven rock types (Table 7 . I) in the Datong-Huaian granulite terrane were studied by 

microprobe analysis. Analytical conditions are outlined in Appendix II. They show that pyroxene, 

feldspar, garnet, biotite and hornblende are the most common mineral in the TTG gneiss. Most of the 

dark layers in the lower domain and lenses in the intermediate domain consist of two-pyroxene 

granulite, including hornblende-bearing two pyroxene basic granulites and garnet-bearing two 

pyroxene mafic granulites* (Table 7.1 ). The basic granulites consist of a two-pyroxene-plagioclase

quartz-hornblende-biotite mineral assemblage (Table 7 . I), in which biotite and hornblende are 

restricted to inclusions in the other phases which appear in textural equilibrium (e.g. Sample 325-0). 

Peak assemblages in the mafic gneiss generally comprise a matrix of orthopyroxene-garnet

plagioclase, which contains hornblende, clinopyroxene
1
,
1
, quartz and biotite as inclusion phases. Quartz 

is absent as a matrix phase, but rare inclusions and retrograde quartz rims on clinopyroxene and 

ilmenite suggest that the garnet-bearing mafic granulites are quartz normative, and thus belong to the 

high-pressure type of Green and Ringwood (1967). The rim-assemblage is generally represented by 

anorthite, K-feldspar, clinopyroxene and quartz. Some basic granulites contain abundant brown-green 

matrix hornblende in textural equilibrium with matrix pyroxenes (e.g. Sample 325-lb). 

' The terms basic and mafic granulites are used in the text to separate a garnet-bearing 2px granulite from a garnet free 2px 
granulite. They do not strictly follow the petrologic definitions based on mineral content or chemical composition of the 
rocks. 

109 



Table 7.1 Samples analysed, and their mineral assemblages, from the Datong-Huaian granulite terrain 

Rock association No Rock type Sample Peak Mineral assemblage Location 
number 

202 Opx+Cpx+Plag+Q+Bi+ilm west of Y anggao 

I ppx+Cpx+Plag+Hbi+Kf north of H uaian 

309 ppx+Cpx+Plag+Hbl+ilm ~ast of Sifangdong 

l mafic & basic 67 ppx+Cpx+Plag+Hbl !hunyuanyao 

~ranulite 85 ppx+Cpx+Plag+Hbl+Bi ~est of Xiaobazi 

TIG gneiss 207 Opx+Cpx+Piag+Hbl+Bi ~ast of Sifangdong 

in the lower 325-0 Opx+Cpx+Gnt+Plag+Hbl+(Q) ~hangxiaocun 

domain 325-l Opx+Cpx+Gnt+Plag+Bi+ilm+(Q) ~hangxiaocun 

325-1b Opx+Cpx+Gnt+Plag+Kf+Hbl+ilm lzhangxiaocun 

2 k:harnockite 330 Opx+Cpx+Plag+Kf+Q+Bi+Hbl+ilm lzhangxiaocun 

2 ppx+Plag+Kf+Hbl+Bi rorth of Huaian 

3 ~>elsie granulite 201 Cpx+Plag+Kf+Hbi+Bi ~est of Buziwan 

90 ppx+Cpx+Plag+Kf+Hbl+Bi ~est of Xiaobazi 

4 Sill-Gnt gneiss 313 Sill+Gnt+Q+Plag+Kf+Bi west of Sifangdong 

37 Plag+Sili+Gnt+ilm+[Cord] ~adi 

khondalite 5 elsie layer 220 Plag+Kf+Q+Gnt+Bi+Sp ast of Buziwan 

series 305 Plag+Kf+Q+Gnt+(Bi) izhangxiaocun 

6 S-type granite 43 pnt+Plag+Kf+Bi+ilm+Q jLiangcheng 

7 l:>asic granulite 208 ppx+Plag+Gnt+Q+Bi+ilm west of Sifangdong 

nclusion 307 ppx+Cpx+Plag+Hbl+Bi jzhangxiaocun 

334 ppx+Cpx+Plag+Hbl+Bi+Q jzhangxiaocun 

209 lcpx+Opx+Plag+Kf+Hbl+Bi south of Wulidong 

8 Bi-bearing 308 ppx+Cpx+Plag+Kf+Hbl+Bi south of Sifangdong 

wanulite 339 ppx+Cpx+Plag+Kf+Q+Bi jzhangxiaocun 

tectonic melange 210 lorx+Cpx+Piag+Kf+Hbi+Bi !north of Wayaokou 

in the intermediate 311 Ppx+Cpx+Piag+Bi+Kf+Q+Hbl south of Sifangdong 

domain 9 felsic gneiss 347 ppx+Cpx+Piag+Hbl+Bi jnorth of Huaian 

mafic & basic 337 Opx+Cpx+(Gnt)+Plag+Bi+Hbl Zhangxiaocun 

10 ~ranulite 338 Opx+Cpx+Gnt+Piag+ilm+(Kf+Bi) izhangxiaocun 

inclusion 211 Opx+Cpx+Plag+Kf+Bi+ilm Yuanyangzui 

340 Opx+Cpx+Plag+Kf+Hbi+Bi+ilm Zhangxiaocun 

11 melting vein 345 Opx+Gnt+Plag+Kf+Bi+i1m Shoukoubu 

335 Opx+Gnt+Piag+Kf+Bi+ilm Zhangxiaocun 

Gnt=garnet, Opx=orthopyroxene, Cpx=clinopyroxene, Plag=plagioclase, Kf=K-feldspar, Q=quartz, Hbl=hornblende, 
Bi=biotite, Sill=sillimanite, Sp-sphene, Rut-rutile, ilm=ihnenite, mt=magnetite 
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Two dominant pelitic assemblages can be distinguished in the khondalite series: (a) garnet-, 

sillimanite-, ilmenite- , ruti le-bearing metapelite (e.g. Sample 313), and (b) more fe lsic and aluminium

rich garnet-, sillimanite-, spinel-bearing metapelite (e.g. Sample 37). Within these assemblages, several 

generations of the major minerals occur, each of which has been given a roman subscript number. The 

S-type granite (sample 43) and the metabasite lens (sample 208) involved in the khondalite series gives 

more information about the metamorphic reaction and P-T conditions. 

7.3 Chemistry of the representative minerals 

Compositions of each mineral are variable not only because the peak mineral assemblages are 

variable in different rock types, but also because four generations of inclusion , peak, symplectite and 

late reaction corona mineral assemblages are present especially in the garnet-bearing mafic granulites. 

The mineral assemblage generation is related to the tectonic and metamorphic evolution and therefore 

records the various P-T conditions throughout the thermo-tectonic history. Characteristic mineral 

assemblages for each generation are presented in Table 7.2 and Appendices II & III. 

Table 7.2 Summary of some typical compositional trends in peak- and retrograde assemblages of metabasic inclusions in 
the grey basement gneiss and allochthonous cover rocks. 

Sample M inerals ~ Cpx 
X X X X X 

338 matri x Opx, Cpx, Hbl , Plag 0.45 0.03 0.69 0.48 

325 
Garnet core, matri x Opx, Cpx, 0.33 0.18 0.03 0.55 0.06 0.69 0.46 
Hbl , Plag 

Garnet rim, corona Opx, Hbl , 0.29 0. 17 0.02 0.58 0.04 
Plag 

Reaction rim Opx, Cpx, Hb l, 
Plag 

0.57 0.04 0.64 0.47 

208 Garnet core, matrix Opx, Plag 0.21 0.17 0.02 0.45 0.02 

Garnet rim, corona Opx, Plag 0.18 0. 17 0.02 0.45 0.02 

x mg "' [Mg I(M g + Ft )]. X J:,. .,.[C:I/(Ca + Mn + l't + M g)]. x sp "' [Mn/(Ca + Mn +Ft + M g)J, x al = Al/2. 

X lin "' [C:I/(Ca + N~ + K )] 

Garnet 

Hbl £mg 
X X 

0.52 0.51 

0.58 0.81 

0.61 0.82 

0.6 1 0.90 

0.87 

0.89 

Garnet is widely present in the mafic granulites of the TTG gneiss, in the metapelites of the 

khonalite series and in their partial melting products. Four kinds of garnet are recogni sed on a Ca-Mg

Fe++ projection diagram (Fig. 7 . 1) based on the ir mineral composition. The garnets in the mafic 
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---- Figure 7.1 
Projections of the principal minerals in the Oatong-Huaian granulite in terms of constituent end components. 

(A) Projection of the garnets on a Ca-Mg-Fe++ diagram. It shows that four areas are recognised that can be related to 
different rock associations: a-projection of the garnets from metapelites, b- projection of the garnets from 03 partial melting 
veins, c-projection of the garnets from basic lens included in the khondalite series, d- projection of the garnets from mafic 
granulite; (B) Projection of pyroxene end-members on Wo-En-Fs diagram. It shows that most of the basic and mafic 
granulites have a salite-hypersthene assemblage except the basic lens included in khondalite (sample 208) and the 03 
partial melting materials (samples 335 and 345); (C) Projection of the feldspars on An-Al-Or diagram. Locations of the 
samples used in the diagrams are listed in Table 7.1 

granulites of the TTG gneiss (Fig. 7 .I, area d, samples 325-0, 325-1 and 338) are much different from 

the garnets in sillimanite-garnet gneiss and the felsic layering of the khondalite series (Fig. 7.1, area a, 

samples 313 and 220, 305) by higher Ca content. These garnets also differ from those present in basic 

granulite lens included in the khondalite (Fig. 7.1, area c, sample 208) with slightly low Fe++ content. 

The garnets present in partial melting veins that occur along mafic lenses in the D3 high-strain belts 

(Fig. 7.2) project in between (Fig. 7.1, area b, samples 335-2 and 345). The newly formed garnets in 

the melt veins are characterised by a slight increase in Fe++ and decrease inCa and Mg contents related 

to the garnet in the mafic granulites mentioned above. This is consistent with a Fe-Mg exchange 

between garnet and adjacent mafic minerals during metamorphic reaction process (see below). Results 

from continuously probing across garnet (Fig. 7.3) show that the increase in FeO and decrease in CaO 

and MgO weight percent is obviously occurring from the centre to the rim of the garnet in both the 

TTG gneiss (Fig. 7.3A) and the metapelite (Fig. 7.3B), whilst the change of trends in weight percent of 

Al20 3, Ti02 and MnO are variable and depend on the adjacent minerals. 

~-;1 Charnockite ~ Hi-bearing gneiss IJ Gnt bearing mafic granulite 

reaction rim ~ Gnt bearing quartz-feldspar gneiss 

- Opx bearing melt vein ~ Sampling area and number 

Figure 7.2 Sketch map show rocks and structural relationship of the 03 partial melting veins in the 03 high-strain belt 
and sampling locations, West of Yanggao. 
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(A) (B) 

81 

Plag 

Figure 7.3 Micro-scale schematic map showing the line of probe scanning across garnet from its centre to rim. (A) Scan 
line 81-82 in the symplectite in a garnet-bearing mafic granulite (sample 325-0 from west Yanggao); (B) Scan line 87-88 in 
sillimanite-garnet gneiss (sample 313 from west Sifangdong between Wulidong and Wayaokou). 

Pyroxene 

Pyroxene is one of the most common minerals in the granulites in the Datong-Huaian area. The 

two pyroxene granulites have an Opx-Cpx paragenetic mineralogy (Fig. 7.1B, left diagram). On the 

En-Fs-Wo diagram, the orthopyroxenes plot in the hypersthene area (En=52-62 %, Fs 54-56 %, 

Wo=l.l-1.2 %) whilst the clinopyroxenes are in the salite area (En=34-40 %, Fs=9-20 %, 

Wo=40-51 %). In general, the felsic granulites have one kind of pyroxene (orthopyroxene or 

clinopyroxene), and just orthopyroxene is present in the D3 melting veins (Fig. 7.1B, right diagram, 

samples 335 and 345). The only ferrohypersthenes are found in the basic granulite lens in the 

khondalite (sample 208) with end members ofEn=44-45 %, Fs=54- 56 % and Wo=l.l-1.2 %. 

Mineral compositions for each assemblage type show discrete chemical trends. From 

inclusion- to reaction-rim-assemblage the Fe- and AJ-contents of orthopyroxene and clinopyroxene 

decrease, whereas the Mg-content increases, plagioclase in reaction coronas becomes considerably 

more calcic and hornblende becomes more AI- and K-rich (see Appendix ll). 

Mineral composition of pyroxene in the garnet-two pyroxene granulite changed along with 

different generations (Fig. 7.5). Although this change is less clear between the matrix and symplectite 

pyroxenes (either Opx or Cpx) in the plot diagram in Fig. 7.5A and B than those in the profiles in Fig. 

7 .4A because of less probe points. The composition of the pyroxene inclusions obviously differ from 

those in the matrix and in the symplectite pyroxenes, with FeO increasing and MgO decreasing (Fig. 

7.5A, B). The same trend for the FeO and MgO contents occurred in hornblende (Fig. 7.5C). The 

opposite trend in FeO-MgO contents occurred in garnets as mentioned above, a Fe-Mg exchange 

between garnet and surrounding mafic minerals obviously occurred in individual metamorphic 

reactions during the thermo-tectonic history. 
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Figure 7.4 Profiles along scanning lines across garnet (for locations see Fig. 7.3). (A) Plot of various elements from 
centre to rim in garnet that remained in the symplectite in the mafic granulite; (B) Plot of various elements from centre to 
rim in garnet in the matrix of the sillimanite-garnet gneiss. Dotted lines in the proflles show the general trend of the plotted 
element. 

115 



Feldspar 

Most feldspars in the granulites areCa-rich plagioclase (Fig. 7.1C, left diagram) with An=45-90 

and the end members that plot variously in between Andesine and Bytownite. Oligoclase (An=l0-30) is 

also present in a few rocks (sample 220, 209, 330). Anorthite is only found in a garnet- and hornblende

bearing mafic granulite (sample 325-lb, An>90). Besides, feldspars in sillimanite-garnet gneiss (sample 

313) belong to an alkali feldspar series (Fig. 7.1C, right diagram). Most orthoclases in the granulites 

occur as a late reaction corona mineral. Changes, with N~O decreasing and CaO increasing, between 

the inclusion and matrix plagioclases during an early progressive metamorphic event are found in the 

garnet and hornblende-bearing mafic granulite (sample 325-1 b). 

The mineral chemistry of garnet, pyroxene and feldspar mentioned above show that most of the 

metabasites involved in the high-strain belt in the intermediate domain are derived from the structural 

lower domain, whilst the basic granulite lens (sample 208) in the khondalite series has a different origin 

that may be related to an old intrusion. 
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Figure 7.5 Changes of the elements in different mineral generations in garnet-two pyroxene granulites. (A) 
orthopyroxene, (B) clinopyroxene, (C) hornblende, (D) plagioclase. 

7.4 Metamorphic reactions and P-T conditions 

The rocks in the Datong-Huaian area have experienced a complex poly-metamorphic history in 

which basement and allochthonous cover developed separately (see details on chapter 4). Therefore the 

metamorphic history is evaluated by separating unique, syn-Dl8 ,-D28 , basement textures from unique, 

syn-Dlco allochtonous cover textures and syn- to post-D3 textures which potentially formed in both the 

basement and the allochthonous cover. 
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7.4.1 Texture in the basement rocks 

The majority of the grey gneiss unit consists of two-pyroxene-plagioclase-quartz hornblende 

biotite gneiss, in which biotite and hornblende are restricted to inclusions in the other phases which 

appear in textural equilibrium. The granoblastic, peak-assemblage mostly displays a mm- to em-scale 

compositional layering of alternating pyroxene- and plagioclase-rich layers that parallel S2
8

, . Few 

informative metamorphic reaction textures are present in these rocks due to the wide range of P-T 

conditions over which this assemblage is stable. 

Garnet-bearing mafic granulites are more informative and typically contain coarse (< 2cm) 

symplectites of orthopyroxene-plagioclase and brown-green hornblende which have partly or 

completely replaced earlier garnet blasts. Two types of corona textures can be distinguished. Firstly (a) 

those that consist of plagioclase moats with a few, small orthopyroxene and magnetite grains (see Fig. 

3.3C). These coronas occur between garnet and matrix pyroxenes in two-pyroxene granulites with 

minor hornblende inclusions in matrix plagioclase grains (e.g. Sample 338). Secondly (b) those that 

consist of delicate hornblende-plagioclase-orthopyroxene intergrowths, in which orthopyroxene is 

generally farthest away from the garnet (Figs 3.3A and 7.6B). These coronas occur in rocks with 

abundant brown-green matrix hornblende in textural equilibrium with matrix pyroxenes (e.g. Samples 

325). The corona textures reflect retrograde reactions that are indicative of decompression (Newton 

and Perkins, 1982; Harley, 1988; Thost eta!., 1991). 

Although the symplectites represent the more obvious textures, it is generally possible to 

distinguish four different assemblage-types and associated textures in the garnet-bearing mafic 

granulite. These are: inclusion-, peak-, symplectitic corona- and late-reaction-rim-assemblages. Most 

textures are unoriented and defined by equidimensional grains, making it very difficult to link them to 

specific deformation events. Only the peak-assemblage obviously formed during D28,. Structural 

interpretations of the other textures depend on general tectonic, and P-T considerations (see below). 

Hi_.gh-peak-metamorphic pressures, as suggested by coexisting garnet-quartz in metabasite 

assemblages, are confirmed with geothermobarometric calculations using the thermodynamic data set 

of Powell and Holland (1988) and Holland and Powell (1990, see details in section 7.5), as well as 

standard geothermobarometers. The various textural assemblages in samples 325 and 338 from the 

Yanggao area indicate P-T conditions of 12-14 kbar and 850-900 •c for syn-D2
8

, peak-assemblages, 7-

9 kbar, 775-825 •c for symplectic corona-assemblages and 4-6 kbar at about 700 •c for rim

assemblages (Fig. 7.7 A and Table 7.2). Similar pressures and temperatures are recorded in syn-D2 and 

syn-D3 partial melting materials (see section 7.4.3). 

7.4.2 Textures in the allochthonous cover sequence 

Mineral assemblages in the metapelite of the allochtonous cover sequence are more sensitive 

to changes in P-T than the basement rocks and record complicated reaction textures . In addition, 

sillimanite and/or biotite are generally involved as reaction products, and form oriented grains, thus 

117 



Figure 7.6 Microphotographs of representative metamorphic textures in thin section. All scale bars are 500 ~m. (A) 
Annealed quartz fabric in a 03 high strain zone. Grain growth was inhibited by numerous inclusions of opaques, apatite and 
zircon, resulting in rectangular grain shapes (Sample 79), (B) Hornblende (hbl) - orthopyroxene (opx) - plagioclase 
symplectic corona on garnet (gnt) in mafic basement gneiss. This texture is consistent with decompression (Sample 325), 
(C) Orthopyroxene (opx) corona on garnet (gnt) and ilmenite (ilm) in syn-03, charnokitic leucosome in basement gneiss 
(Sample 335). (D) Three generations of garnet (G,

0
, G,11,, G"11' ) within one blast (Sample 32). (E) Spinel (sp) with a wide 

garnet (gnt) corona, separated by a sillimanite (sill) moat. All minerals are weakly oriented in S3 which parallels the scale 
bar (Sample 37). (F) Stable biotite (bi) - sillimanite (sill) within the S4 foliation (Sample 117). For location of the samples 
see Fig. 2.4 and Table 7.1. 
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facilitating structural correlations. A number of relevant reactions are presented in a qualitative 

pseudosection of the KFMASH petrogenetic grid (Fig. 7.8) for rocks with bulk compositions similar to 

spinel-bearing khondalite in the Datong-Huaian area. Using this grid it is possible to demonstrate syn

deformational trends in P-T space. 

Oleo foliation traces within the cores of composite garnet grains are defined by sillimanite1n 

and rare biotite
1
,r If both minerals are included within one garnet, they are separated by an inclusion

free moat. This suggests that both minerals were stable during Ol eo• but were replaced by garnet 

during a prograde reaction of the general form: 

sillimanite,,>+ biotite,,>= garnet,,>+ K-feldspar +melt (1) 

(Grant, 1985). Within the S3 foliation, sillimanite, biotite and quartz do not occur m textural 

equilibrium, and in general biotite is completely absent. Garnets are commonly elongated in S3, and 

show several stages of growth. Inclusion-rich cores (garnet,,) with S l eo foliation traces are surrounded 

by an inclusion-free section (garnet<~,) and an inclusion-rich rim (garnet1111)with S3 foliation traces 

(e.g. Sample 32, Fig. 7.60). Inclusions in the rim mainly consist of prismatic sillimanite111> and spinel
1
n 

or ilmenite-rutile. Spinel
1
n is completely contained in either garnet or sillimanite, in which wide garnet 

coronas are commonly separated from spinel
1
,
1 

by a moat of sillimanite,,> that is typically oriented in 

S3 (Fig. 7.6E). The above observations suggest that a peak- assemblage existed during the early 

stages of 03 which included inclusion-free garnet(ll), quartz and spinel,,> or rutile/ilmenite. During 

progressive 03 deformation, retrograde reactions occurred of the general form: 

spinel1n + quartz = garnet1111> + sillimanite,,> (2) 

indicative of cooling (Fig. 7 .8; Sengupta et al., 1991 ). The rutile-bearing assemblages show no clear 

reaction textures between rutile and ilmenite, or garnet1111> and sillimanite,,>' although most prismatic 

sillimanite,,> occurs directly next to the garnet grains. This suggests that the largely pressure

dependent reaction, in which sillimanite and ilmenite form at the expense of garnet and rutile, was not 

crossed (for this bulk-composition), consistent with a retrograde history dominated by cooling 

(Harley, 1989). Garnet-rutile-sillimanite-ilmenite geobarometry (GRAIL, Bohlen et al., 1983) for S3 

mineral pairs indicate maximum pressures of around 7-8 kbar (Fig. 7.7B). 03 sillimanite,,> and 

garnet
111

n are locally replaced by fine coronas of cordierite which typically formed along fractures 

transecting S3 suggesting post-03 growth according to the reaction: 

sillimanite,,>+ garnet1111> = cordierite (3) 

This reaction is consistent with a decrease in pressure (Fig. 7 .12; Hensen and Green, 1971 ; Arenovich 

and Podlesskii , 1983) which probably occurred after 03. 
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Figure 7_7 Preliminary results of P-T calculations for (A) metabasite in the basement (samples 325 and 338), and (B) metapelite 
(sample 313) with basic inclusions (sample 208) in the khondalite series. The garnet-in reaction curve is for quartz-normative tholeiites 
(Green and Ringwood 1967), the aluminium silicate triple point is that of Holdaway et a!. (1971). Curves a to h have been calculated 
with conventional geothermobarometry using mineral compositions as presented in Table 7.2. The used geothermobarometers are: a= 
A1203 content of orthopyroxene coexisting with garnet, Harley (1984a), b = Fe-Mg exchange in garnet-opx/cpx pairs, Ellis and Green 

(1979), c =as b, Sen and Bhattacharya (1984), d =garnet-rutile-sillimanite-ilmenite barometry, Bohlen eta!. (1983), e =as b, Harley 
(1984b), f =as a, Harley and Green (1982), g =plagioclase-clinopyroxene-garnet-quartz barometry, Newton and Perkins (1982), h = 
plagioclase-orthopyroxene-garnet-quartz barometry, Newton and Perkins (1982). P-T values with 2 sigma errors have also been 
calculated for the various assemblage types, using the thermodynamic dataset of Holland and Powell (1990). These values are 
indicated with the circles and squares. For location of the samples see Fig. 2.4 and Table 7 .I. 
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Garnet-bearing, quartz-absent mafic lenses occur within the metapelite. Garnet is generally 

replaced by plagioclase-orthopyroxene symplectites similar to the ones described in the basement rocks. 

However, the garnet and orthopyroxene are more Fe-rich, and calculated peak P-T values are 

considerably lower at 8-9 kbar and 800 °C, whereas coronas record conditions of about 4 kbar and 650-

700 °C (Sample 208, Fig. 7.7B, Table 7.2). 

In D4 shear zones, sillimanite, biotite, garnet and quartz are in textural equilibrium (Fig. 7.6F). 

This means that after D4, rocks cooled to within the sillimanite- biotite-quartz stability field. A new 

generation of garnet<•VJ has overgrown the S4 foliation defined by prismatic sillimanite(lll) and coarse

grained biotite(lll) that are axial planar to an isoclinally folded fibrolite foliation (S
3

, sillimanite(D)). The 

matrix sillimanite<"'J 

Ap 
KFMASH + q + ksp + 
la(H20) = 0.25 

Figure 7 .8. Qualitative pseudosection of the 
KFMASH petrogenetic grid for a fixed 
water activity of 0.25 and bulk compositions 
between spinel and garnet within AFM. 
These bulk compositions reflect the spinel
bearing khondalites in the Oatong-Huai'an 
area. The diagram is projected from quartz, 
K-feldspar and melt and is adapted from 
Hand et al. ( 1992). The arrows indicate the 
direction in P-T space, in which the rocks 
were moving during 03 and 04 (see text for 
discussion). 

contains rare inclusions of spinel<•n intergrown with biotite<OJ" This suggests that during D4 the reaction: 

spinel01l + biotite<"J = sillimanite<"'l + biotite<'"l + garnetOVJ ( 4) 

occurred followed by reaction ( 1), consistent with prograde metamorphism at lower pressures than 
during D3 (Hand et al., 1992). Many of the sillimanite<"'l and garnet<,vJ crystals have a thin corona of 
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cordierite, which typically grew along (extensional ?) fractures normal to S4 suggesting late syn-D4 

growth consistent with reaction (3). The D4 shear zone assemblage and the occurrence of reaction (1) in 

combination with the formation of syn-D4 leucosome (PM
3

) are consistent with maximum temperatures 

of around 700°C (Grant, 1985) at relatively low pressures(< 5 kbar, Hand et al., 1992). The cordierite 

coronas suggest that some decompression followed peak-conditions (Fig. 7.8). 

7.4.3 P-T conditions recorded in the partial melting materials 

Similar indications of D28, in the basement rocks and post-D28, metamorphic conditions can also 

be obtained from syntectonic partial melting of syn-D2., chamockite and syn-D3 tonalitic to quartz 

dioritic leucosome veins (PM2) . 

The syn-D28, charnockites were commonly effected by D3 deformation with S3 foliation 

development (e.g. one south of Sandaogou in Fig. 5.9). P-T conditions around 14-15 kbar and 840-860 

oC (Fig. 7.2, sample 330 and Fig. 7.9) for peak-assemblages are recorded in these rocks and indicated 

that they were formed during D,., peak metamorphism, and 9-11 kbar- 750-850 oC for late retrogressive 

reactition corona-assemblages of D3. 

600 800 
(T oC) 

1000 

Figure 7.9 P-T conditions recorded in 
syn-D2Ba charnockite (sample 330) and 
syn-03 partial melting veins (samples 335, 
340, 345). For location of the samples see 
Fig. 2.4 and Table 7 . I. Solid symbols show 
peak-condition whereas open symbols 
indicate conditions recorded in their 
retrogressive reaction corona. 

The syn-D3 partial melting veins are parallel to S3 within mafic granulite (see Figs 4.4C, 5.5D 

and 7 .2) and mostly less deformed meaning that they were formed in a late stage of the D3 event. Many 

of these veins contain garnet and orthopyroxene with complex textural relationships in which garnet is 

rimmed by wide coronas of orthopyroxene (Sample 329, Fig. 7.6C) suggesting syn-D3 decompression. 

P-T condition of 6-8 kbar and 780-820 oC are recorded for peak-assemblages and 4-6 kbar- 580-720 oC 

for late reaction corona assemblages (Fig. 7.9, samples 335, 340, 345). 
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7.5 P-T calculation using "Th~rmocalc" 

More information about the P-T conditions recorded in the granulites is obtained using an 

average pressure/temperature calculation of the rock calculation mode in the thermodynamic data set 

(Powell and Holland, 1988; Holland and Powell, 1990). An understanding of the relationship between 

the variable mineral assemblages and the structural-metamorphic events mentioned above allows 

estimation of the mineral assemblages that represent equilibrium in different stages in the rocks, 

whilst the large amount of microprobed mineral compositions (see Appendix II and III) permit 

identification of the mineral end-member that is applicable to the equilibrium mineral assemblage (see 

Appendix IV). In total 1756 probe points were made on 36 selected thin sections from most of 11 

kinds of rock types of the granulites (see Table 7.1). The microprobe data give information not only on 

various mineral assemblages for different rock types but also on the various mineral compositions 

from different generations (see Fig. 7.1) that record the P-T conditions in different structural

metamorphic stages. 
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Figure 7.10 Plot of the P-T results with uncenainties calculated on sample 338 from Yanggao area. 
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P-T calculations were made step by step following the computer program for each independent 

set of reactions on each rock. As an example, figure 7.10 and Appendix IV show the calculated 

average pressure and temperature for a garnet-bearing mafic granulite (sample 338) collected from the 

west Yanggao area. Although most calculated P-T data have various uncertainties, plots of these 

results are approximately concentrated to three groups that define the P-T ranges of 10-14 kbars and 

800-875 ·c, 6-8 kbars and 700-750 ·c, and 4-5 kbars and 725-750 ·c respectively. These three P-T 

ranges correspond to the peak, to the decompression and to the late reaction corona mineral 

assemblages found in the rocks, of which 12.3 kbars and 870 ·c was the calculated average P-T result 

for peak-assemblages in this rock. Concerning the uncertainties, P(sd)=1 might be a good value for the 

largest uncertainty on a calculated pressure for a given T for a reaction to be included in the 

independent set, and P(sd)<2.5 might be appropriate to that obtained in the actual run. For 95% 

confidence, the fit is mostly close to 1, the T(sd) is about to 60-70 °C (see Fig. 7.11 and Appendix IV 

(2)). Also most of the metamorphic reactions must occur in a restricted P-T range. 

Ten independent sets of reactions (see Appendix V) were established to calculate the P-T 

conditions that were probably reached during metamorphic reaction equilibrium at different stages in 

the rock history. Plots of these data show a continuous decompressional P-T path depending on the 

metamorphic reaction history recorded in the rocks (Fig. 7.10). 
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Figure 7.11 Diagram showing the relationship between fit and P(sd) I T(sd) 
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7.6 Discussion and conclusion 

7.6.1 P-T-d paths 

Interpretations of the structural/metamorphic textures and tectonic evolution of the Datong

Huaian area are heavily dependent on the nature of the basement-allochtonous cover contact (see 

details in Chapter 4). If this contact is a true unconformity as suggested by Qian eta!. (1985, 1987), the 

immediate implication is that the Dl-2
8

, structures and the associated high-pressure metamorphic 

assemblages in the basement are temporally distinct from Dlc. structures and lower-pressure 

metamorphic assemblages in the khondalite series. This would suggest that an early metamorphic 

cycle that only affected the basement, was followed by an episode of uplift, exhumation and deposition 

of the sediments, before reburial to 8 kbars took place. The decompression textures in the basement 

rocks could, in this case, be the cumulative effect of two granulite events in which the second one 

occurred at a lower pressure than the first. 

However, wherever the contact between grey gneiss and the khondalite series is exposed 

evidence exists of very high strain, a non-coaxial deformation history and tectonic interleaving of both 

units. Definite unconformities could not be found and I prefer an interpretation where the contact is 

entirely tectonic. Therefore, the localised Dl-2
8

, and Dleo structures and assemblages could be 

spatially distinct responses at different crustal levels to one tectono-thermal cycle. This applies 

especially to the near-colinear D2
8

, and Dlc. structures. The more restricted Dl
8

, structural elements 

could still be unrelated and associated with an earlier stage of metamorphism. In this interpretation, 

juxtaposition of both lithological units occurred only during D3, which represents the later, retrograde 

stages of a major tectonic cycle. 

The detailed structural metamorphic analysis of the Datong-Huaian area indicates that at least 

two independent granulite facies events affected the area: Ml associated with Dl -3 structures and M2 

associated with D4 structures. An earlier event, MO, associated with D1 8 a structures could possibly 

have occurred, but will not be further considered due to lack of geometrical and metamorphic 

constraints. Ml/Dl-3 events and M2/D4 events are not interpreted as progressive events within one 

cycle, because retrograde, syn-D3 textures are overprinted by prograde syn-D4 textures (Figs 7.6F and 

7.8), which means that they must have been associated with discrete thermal pulses. 

The pre-D3 events were manifested differently in the allochthonous cover and basement. In 

the allochthonous cover sequence, with recognisable primary bedding of known original orientation, 

crustal thickening must have occurred to allow burial of the sequence to a depth of about 8 kbar (circa 

30 km). This probably occurred during Dl co' and the bedding-parallel Slc. foliation suggests that low

angle thrusting was the dominant thickening mechanism. Dl-2
8

, structures developed 

contemporaneously at greater depth, and the horizontal F3 fold envelope in the basement (see Fig. 4.2) 

and coaxiality of F 1 co and F2 .. folds suggest that D2
8

, structures also formed in response to thrusting. 

However, a predominantly coaxial shortening mechanism followed by bulk-rotation around L28 , , 

cannot be excluded on the basis of the preserved geometries. 
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During the retrograde D3 events basement and allochtonous cover were brought into direct 

contact, in which the D3 normal shear zone played a crucial role. The described geometry and 

kinematics of this D3 shear zone only have tectonic significance if it is assumed that the current 

regional orientational trends are representative of their original positions. This assumption is 

reasonable because all later deformations are restricted to shear zones with relatively minor offsets and 

the orientation of L3,,w is constant throughout the Datong-Huaian area (see Fig. 6.10). Therefore, no 

major rotations of the high-grade structures occurred during later events (including the Cenozoic D5 

event), and the regional outcrop pattern of the D3 high strain zone is significant. The high strain zone 

occurs at the contact between the grey gneiss and overlying khondalite, and preserves a normal sense 

of movement along a shallowly SW-plunging lineation. The basement is capped by the shear zone and 

is now exposed as a dome-like structure at the center of younger metasediments (see Figs 3.1 and 

5.19). The D3 shallowly dipping high strain zone can be interpreted as a low-angle detachment zone 

which accommodated extension that allowed the rise of the basement (Lister and Davis, 1989). The 

extension following crustal thickening probably occurred within a lateral compressional setting, as 

suggested by the parallelism of L3,,w, and F3c fold axes in both basement and allochtonous cover. 

The obvious question is whether the deduced P-T paths for basement and allochtonous cover 

are consistent with an extensional detachment model, keeping in mind that the basement rocks occur 

in the footwall and allochtonous cover rocks in the hanging wall of the D3 high strain zone. The 

basement P-T-t path is clockwise with a large decompressional section defined by three points 

associated with peak-, symplectic corona-, and late-reaction-rim-assemblages (Figs 7.7, 7.12). Of 

these points, only P-T conditions derived from the peak-assemblages can be tied in with the 

deformational framework (Table 4.1 ), whereas the deformational connotation of the retrograde textures 

remains unclear. The overlap in P-T conditions between basement corona- and rim-assemblages, and 

allochtonous cover Ml/D3 and M2/D4 assemblages (Figs 7.7B, 7.12), suggests that one-to-one 

structural correlations are possible (see Table 4.1), and that 4-6 kbar of near-isothermal decompression 

occurred in the basement between D2
8

, and D3 (Fig. 7 .12), coeval with the development of the high 

strain zone. The resulting clockwise P-T path is typical for a collisional orogenic setting (England and 

Thompson, 1984, Thompson and England 1984). The syn-D3 decompressional section at elevated 

temperatures suggests a process of rapid tectonic denudation (England and Thompson, 1984; Bohlen, 

1987; Harley, 1989), consistent with the position of the basement in the footwall of the D3 detachment. 

The P-T path in the allochtonous cover was probably also clockwise, because inclusions of 

prograde kyanite have been found in the area (Cui, 1982; Lu, 1991 ; Liu J. et al. , 1992), whilst all later 

aluminosilicate consists of sillimanite. This suggests that some decompression from the kyanite into 

the sillimanite stability field preceded D3. During D3, the P-T path in the allochtonous cover rocks was 

dominated by cooling as demonstrated by garnet,
1111

-sillimanite,11, coronas on spinelcn' and the new 

growth of biotite-sillimanite at the onset of D4 (Fig. 7.8). This is consistent with rocks in the hanging 

wall of the detachment, where tectonic movements will be predominantly lateral while isostatic 

responses are relatively small (Wernicke, 1985). 
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The timing of M1 is poorly constrained, but given the regional prominence of a 2500 Ma, 

high-grade granulite facies event throughout the North China Craton (Pidgeon, 1980; Liu D. et al., 

1985, 1990), and the fact that M1 affected the middle- to late-Archaean khondalites which were 

subsequently intruded by undeformed granites with ages of up to 2000 Ma (Shen et al., 1989), it 

appears that Ml events occurred about 2500 Ma ago. 

Effects of the second tectonic cycle, M2/D4, are restricted to strike-slip shear zones and 

retrogression in the surrounding rocks involving the formation of cordierite coronas on S3 

sillimanite<11>-gamet<nn· Textural evidence shows that the cordierite grew after the formation of the 

cooling textures, and after a stage of syn-D4 reheating which caused the progressive growth of 

biotite<n>-spinel<n> to sillimanite<rn>-biotite<m> to gamet<,v> (Fig. 7 .8) . The late cordierite coronas in rocks 

dominated by D3 structures should, therefore, not be mistaken as indicators for syn-D3 

decompression. 

The tectonic setting and the shape of the M2 P-T path is unclear. It is obvious from the 

petrogenetic pseudosection drawn in Figure 7.8 that the cordierite coronas could have grown in 

response to a temperature increase since dP/dT for reaction (3) is positive (Fig. 7.8; Hensen and 

Green, 1971; Aranovich and Podlesskii, 1983). However, the cordierite is associated with late 

fractures and appears to be a retrograde phase, in which case some decompression is required for the 

reaction to occur (Fig. 7.8). This interpretation is preferred here, making the P-T path clockwise near 

the metamorphic peak, which in tum would suggest that the D4 shear zones accommodated some 

uplift. More so than during M1, M2 peak-metamorphic temperatures and geothermal gradients were 

anomalously high (Fig. 7.12), and igneous activity must have been important to provide sufficient heat 

for M2 granulite facies metamorphism to proceed at the given crustal levels (England and Thompson, 
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1984, 1986; Loosveld and Etheridge, 1990). Therefore, the resulting P-T path could have been 

dominated by a relatively short-lived thermal pulse superimposed on aP-T loop occurring at much 

lower ambient temperatures (Loosveld and Etheridge, 1990; Lux eta!., 1986; DeYoreo eta!., 1991). 

The timing of the M2 event is also unconstrained by direct dating. However, the fact that D4 

shear zones truncate undeformed granites with ages of 1840 Ma (Shen et a!., 1989), and the 

occurrence of a regional high-grade metamorphic event around 1800 Ma (Liu D. et a!., 1985), 

suggests a similar age for M2. 

Of the two granulite facies tectono-thermal cycles, M1/Dl-3 effects are by far the most 

comprehensive, and the deduced P-T paths resemble similar paths in many other Precambrian 

granulites (Bohlen, 1987; Harley, 1989). Near-isothermal decompressional paths, as recorded in the 

basement rocks, are typically linked to processes involving crustal thickening, mantle delamination 

and thermally-induced extensional collapse (Sandiford and Powell, 1991). However, very few studies 

have constrained such models with good structural-kinematic data explaining the mechanics of 

compression, collapse and uplift. The significance of the Datong-Huaian area is that such a structural 

framework can be presented together with the various P-T paths, and that it can be shown that low

angle detachments played an important role in the uplift history of granulite belts as long ago as the 

Archaean-Proterozoic boundary. 
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CHAPTERS 

Magnetic fabrics* 

8.1 Introduction 

The basement regions of the Precambrian shields comprise vast areas of polymetamorphic 

gneiss terrain recording crustal accretion and repeated reworking in Archaean and Paleoproterozoic 

times. They are variably overlain by supracrustal successions, often recording aulacogen infills, and it 

is these younger rock suites which currently provide most of the palaeomagnetic data recording 

movement of the shields during Precambrian times (Piper, 1987). The metamorphic terrains, which 

provide most scope for extending the kinematic history of the continental crust backwards in time have, 

with a few notable exceptions, been little studied. 

One reason for this is that rocks within these terrains are characterised by variable tectonic 

fabrics; it is generally considered that the presence of fabric will bias the palaeomagnetic record in a 

way which cannot be quantitatively determined. Instrumentation is now available to routinely 

determine the anisotropy of magnetic susceptibility (AMS) in palaeomagnetic samples. This is a bulk 

parameter recording the resultant contributions of the paramagnetic grains (mostly Fe-bearing silicates, 

see Table 8.1) and the ferromagnetic grains (usually magnetite, sometimes pyrrhotite or hematite) to 

the magnetic fabric. In metamorphic terrains it is often specifically linked to mineral growth in a 

ductile regime under a regional stress field and can be correlated with one or more tectono-thermal 

episodes (Fig. 8.1). The collective data permit magnetic fabrics to be linked to mineral fabrics 

identified in the same region. 

8.2 Field and laboratory methods 

The granulitic facies metamorphic rocks were sampled at 13 sites in two traverses sited to the 

west of Yanggao and between Wayaokou and Wulidong (Fig. 2.4); a single additional site is in a 

steeper high-strain belt (site 18) to the south west of Yanggao. A large unmetamorphosed dyke cutting 

the metamorphic terrain was also sampled at sites 8 and 10 (Fig. 8.5) and two other basic dykes of 

uncertain affinity were sampled at sites 12 and 16 (Fig. 8.6). A sampling site typically comprises 10-15 

cores distributed over several metres of outcrop. Samples were collected in the form of short 2.4 em 

diameter cores drilled with a portable petrol-driven engine and oriented in situ using sun and magnetic 

compasses. They were subsequently cut into 2.4 em long cylinders for magnetic measurements. 

Determinations were carried at Liverpool University. 

· This Chapter together with Chapter 9 published as Zhang and Piper, 1994 
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Figure 8.1 Cartoon diagram outline the P-T path (A) of the Datong-Huaian terrain deduced from metamorphic mineral 
assemblages (see also the text in Chapter 7, Part III) and related to depth of burial and inferred time of acquisition of 
magnetic fabrics and magnetic remanence (B). 

Initial measurements at room temperature of the magnetic susceptibility employed a Bartington 

bridge and were followed by measurement of AMS fabric using a 'Minisep' anisotropy delineator. 

Cores were then measured by 'Minispin' magnetometers before and after progressive thermal 

demagnetisation. The thermal demagnetisation was undertaken in steps of 50 or 100°C to 500°C and 

subsequently in steps of 20 °C to the Curie point of the magnetic carriers. The component structures of 

the magnetisation were evaluated by a study of orthogonal projections; components were isolated 

interactively and their directions calculated by principal component analysis. 

8.3 Magnetic fabrics 

AMS fabric can play an important part in evaluating the deformational history of high grade 

rocks because the textures formed at high temperatures are typically obscured by post-tectonic 

recrystallisation; the orientation of foliation and/or lineation is then often difficult to determine by field 

and microscopic methods. AMS is approximated to be a triaxial ellipsoid defined by three orthogonal 

principal axes of maximum (kl), intermediate (k2) and minimum (k3) susceptibility. The magnitude of 
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susceptibility reflects the content of ferromagnetic grains (usually magnetite and sometimes hematite), 

and paramagnetic grains (mafic silicates plus oxides and sulphides which are paramagnetic at ambient 

temperatures); the AMS records an alignment of grains with crystalline and/or shape anisotropy. Whilst 

it is usually possible to recognise groupings of one or more principal axes of susceptibility at each 

sampling site (see summary in Table 8.3), mean calculations often obscure contrasts at the outcrop 

scale (ca. a few metres) which correlate with different episodes in the tectonic history. These 

correlations are examined later in this chapter. 

The fourteen metamorphic sites are derived predominantly from basic granulite enclaves in the 

TTG (tonalite-trondhjemite-granodiorite dominated) orthogneiss and small numbers of cores come 

from felsic gneisses. The basic enclaves are typically 0.1-1 metres thick and strongly deformed with 

foliation and lineation developed subparallel to the host rock. Major assemblages are plag + opx + mt + 
i1m with or without cpx, hbl, bi, gnt, kf and q (Table 8.1 and see footnote for abbreviations). Contents 

of FeO are variable (Table 8.2) and at least four generations of ferromagnetic mineral assemblages are 

distinguishable by optical study (Fig. 8.2). The earliest is a titanomagnetite solid solution of FeO and 

Ti02 with each ca.48-52 wt.% (Table 8.2) . These solid solutions have a grain size (0.1-0.Smm, 

maximum lmm) comparable to the matrix silicates and are of irregular shape (Fig. 8.2A). Contents of 

titanomagnetite are l-3% and occasionally up to 10%. Since complete magnetite-ilmenite solid solution 

can only occur above 600°C, they appear to have crystallised at the peak conditions of M/D2 granulite 

metamorphism (Zhang et al. 1994). Some grains exsolved during a later thermo-tectonic event to 

become magnetite (FeO up to 93%) hosting ilmenite (Ti02 up to 95%). 

The second generation ferromagnetic mineral is present as very fine grained ferruginous 

inclusions in pyroxene and hornblende (Fig. 8.2A); these are especially developed in hypersthene 

where inclusions (0.01-0.05mm in size) are distributed along planes parallel to (110) and (Ill) crystal 

faces as a typical Schiller texture. Owing to a very fine grain size, this component makes up less than 

Table 8.1: Relationship between rock facies and magnetic susceptibility 

Rock Type Mineral Assemblage 

ferromagnetic paramagnetic 
(mafic) 

Basic granulite titano-magnetite opx, cpx, bi, hbl, ilm > 50% 
3-10 % 

Felsic granulite (as above) 3-5 % opx, cpx, bi, hbl , < 10% 

Khondalite (as above) opx, cpx, gnt, bi, sp, < 10% 

Dykes opx, bi , < 30% 

• Mostly 400-600, maximum 6560 SI units. 
Abbreviations of minerals are listed in Appendix I. 

Magnetic Susceptibility 

diamagnetic 
(felsic) 

fsp, q, 40-45% 184-6938 

fsp, q, 80-85% 46-91 

fsp, q, sill, >80% 13-36 

fsp, q 153-169/144-376 
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Figure 8.2. Representative photomicrographs from metamorphic rocks of this study illustrating relationships between the 
silicates and generations of magnetite growth (Mt1-Mt.,). (A) Basic granulite from the basement showing discrete magnetite 
grains (Mt1) , fine magnetite in a later reaction corona between orthopyroxene (Opx) and plagioclase (Plag) (Mt3) and a 
mixture of magnetite and hematite in brittle microfractures (Mt.,). (B) Khondalite from the cover sequence showing 
relationship of magnetite to garnet (Gnt) and sillimanite (Sill). 

1% by volume of the rock and probably formed close to the peak metamorphic conditions. The third 

generation of the ferromagnetic component is developed as reaction coronae with symplectite texture. 

In this form it occurs either as a partial or complete pseudomorph of garnet, or at the boundary between 

ferromagnetic grains (or former titanomagnetite) as vermiform (thin myrmekites ca. 0.01 x 0.1 mm in 
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size) or emulsion drops (ca. 0.01 - 0.03 mm) in a quartz matrix (Fig. 8.2A). It has been suggested that 

this texture formed during nearly-isothermal decompression of this terrain when pressure fell from 14 

to 8 kb. (Newton and Perkins 1982, Harley 1988, Thost et al. 1991) during rapid uplift of the Datong

Huaian granulite complex; at this stage temperatures fell from 850 °C to 750 °C (Zhang et al. , 1994 ). 

The last generation of ferromagnetic mineral growth is a fi ll ing by magnetite and hematite of 

microfractures between, or within, paramagnetic silicate grains. This is probably related to a later stage 

of uplift and cooling of the metamorphic terrain (Hay et al. 1988). The mineral assemblages in the 

felsic granul ites and the khondalites of the Al-rich cover metasediments differ from the basic granulite 

enclaves described above (see Table 8.1 ), but the same generations of ferromagnetic mineral growth 

are present (Fig. 8.2B). 

Although the relative contributions of ferromagnetic and paramagnetic minerals to the 

susceptibility cannot be resolved by AMS study, it is apparent that all of the basic granuli tes have 

higher average susceptibil ities (K = (kl+k2+k3)/3) than the other rock types (Table 8.1). A plot of 

anisotropy magnitude (kl/k3) against average intensity of AMS is shown in Fig. 8.3 and identifies 

groups related to rock type and deformational history. K values range from 180 to 700 in the basic 

granulites and are mostly between 400 and 600 (Fig. 8.3B); in comparison values of less than I 00 

typify the khondalites and some of the felsic gneisses. At some sites individual cores yield K values 

much higher in the range 1000 to 4000; these examples are all in basic granulites (Fig. 8.3A) where 

field and optical observations identify increased proportions of opaques. Site 6 from near the centre of 

the exposed granulite complex (and probably from the lowest crustal level) has uniformly higher 

values. 
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Figure 8.3. Plot of AMS showing the relationship between the average mass intensity of the AMS (K = ((k I +k2+k3)/3/m 
where m is the mass of the core), x w·' S.l. units) and the anisotropy magnitude k l /k3 . (B) is an enlarged section of (A) 
illustrating relationship to parent rock type in the weaker sites. Symbols refer to site numbers and the numbers after the bars 
refer to sample numbers. 
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The orientation of the plane containing kl and k2 represents a foliation and the direction of kl 

records a lineation. Several different combinations of the principal values have been employed in the 

analysis of AMS data (Hrouda 1982) but the most widely used are anisotropy magnitude (k1/k3) and 

parameters defining foliation and lineation. A problem occurs when the parameter E =(k2/k3)/(kl/k2)) 

is used to define the eccentricity of the ellipsoid because a nearly spherical fabric indicated by E = I 
can give a misleading result. The situation with kl,k2,k3 can indeed indicate an undeformed situation. 

Alternatively, if kl>>k2>>k3 and k2/k3=k1/k2 strong deformation is present but both foliation and 

lineation are developed to a similar degree; this is commonly observed in high grade metamorphic 

rocks subjected to sub-homogeneous deformation. To separate these contrasting situations a parameter 

D=((k1 +k2)/2.K3).(k1/k2) is used here to describe the development of foliation and lineation. This 

proves to be a useful quantity to describe the intensity of deformation. A diagram incorporating the 

eccentricity of the ellipsoid (E) and the deformation parameter (D) yields an informative distinction 

between the rock types and their deformation (Fig. 8.4). 

Specifically, some of the felsic gneisses and khondalites plot close to the line E=1 in the area 

D<l .l; in contrast samples at site 18 (see Figs 2.4 & 8.6) in the vicinity of a zone of strike slip and 

normal oblique (D4) deformation plot in a region where E>l and D>l.6 implying a fabric dominated 

by a strong foliation. Most of the basic granulites however, feature moderate deformation in which the 

foliation is stronger than the lineation; this accords with the macroscopic fabric when it can be 

recognised at outcrop (Zhang et al. 1994 ). 

Table 8.2: Major minerals, grain characteristics and FeO compositions (microprobe results) in the metamorphic terrain of 
this study 

Mineral Crystal form Grain size size(mm) FeO(%) 

Ferromagnetic 

Titano-magnetite irregular 0.1-0.5 48-52 

Magnetite (i) granular 0.2-0.5 80-95 

(ii) blades 

in silicates 0.01 xO.I 80-95 

Paramagnetic 

Ilmenite fine grained 0.5- I 0-5 

Orthopyroxene grains 0.5- 1.0 26-28 

Clinopyroxene grains 0.5- 1.0 9 - 12 

Biotite grains 0.1-0.3 13- 17 

extended 0.01 X 0.5 13- 17 

Hornblende grains 0.5-2 14-16 

Garnet grains 0.5-5 27-32 

Diamagnetic 

Plagioclase grains 0.5-2 < 0.5 

Quartz grains 0.2- 1.5 0 
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Figure 8.4 The magnitude of k2/k3 (foliation) plotted against kl/k2 (lineation). The eccentricity line E=l separates oblate 
ellipsoid shapes (above) from prolate ellipsoid shapes (below). The deformation factor, D, is a measure of the intensity of 
the deformation and is defined in the text. Symbols are as for Fig. 8.3. 

8.4 Relationship between the AMS and structural fabrics 

In the Wulidong-Wayaokou area near the central part of the exposed granulite terrain (Fig. 

3.1) a high strain belt separates a basement TIG gneiss to the east from cover metasediments to the 

west. The foliation in the basement at the footwall to the detachment defines an oval dome and is 

interpreted in terms of near-vertical uplift of the core .complex during movement along the 

detachment (see Fig. 5.10). In general the magnetic fabrics in both the basement and detachment 

rocks (Fig. 8.5, sites I, 2, 5, 6, 7 and 9) have foliations dipping consistently west or southwest with 

moderate to low angles of dip (Table 8.3 Area 1 and Fig. 8.5); hence they follow the tectonic pattern 

of basement uplift. The kl axes typically lie in the foliation and have a dip direction variable to the 

lineation implying that these fabrics were imparted during a tectonic event when the foliation was 

formed. The principal Kl plunging directions (dark arrow in Figs 8.5 & 8.6), that are mainly defined 

by basic rocks, are sub-parallel to the mineral lineations measured in the field, but some others, 

including most of the felsic rocks, diverged away. This could be interpreted as a result of either 

structural or lithologic relationships with the individual cores, and, of course, depend on the 

structural complexity in one site where the samples have been drilled. Such as the felsic core at site 2 

(open symbol Fig. 8.5) in the high strain zone which has a fabric more closely aligned with the 

detachment surface than other cores from a nearby basic granulite lens (closed symbol); this suggests 

that the quartz-bearing felsic gneisses acted as a "softer" matrix and experienced stronger ductile 

deformation. A similar situation occurs at site 5, 7 and 9 (Fig. 8.5). 
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Figure 8.5 Simplified geological map of Wulidong· Wayaokou area showing locations of palaeomagnetic sampling sites 
and AMS fabrics defined by directions of maximum (squares) and intermediate (triangles) susceptibility. The closed 
symbols and curved line are from basic granulites, whilst open symbols and dotted lines are from felsic rocks. Dark arrow 
shows principal K I plunging direction. Site 8 and I 0 are in the same younger mafic dyke. Lower hemisphere plots. 

136 

-- ------·------



Table 8.3 Site Mean AMS Ellipsoid Orientations Results 

Area Site N k1 (DII) k2 (Dil) 

I 9 288 I 33 1941 10 

2 7 204 I 2 1 3041 16 

3' - -

4 8 22213 316 I 50 

Area I 5 4 207 I 6 300 I 2 1 

6 4 176 I 16 270 I 19 

7 8 225 I 32 129 I 10 

gb 3 3 I 53 16 1 I 35 

9 7 272121 185 I 4 

lOb - -

II 3 230 I 46 356 I 30 

12 - -

Area 2 14 4 2 11 1.33 337 I 42 

16 9 149 I 4 56 I 34 

17 10 168 I 29 12110 

18' 5 132141 2 I 37 

D and I are the mean decli nation and inclination (lower hemisphere) directions of the k1, k2 and k3 

axes of the best-fitting ell ipsoid to the ellipsoids from N samples. Sample ellipsoids were too 
dispersed at sites 3, I 0 and 12 to justify mean calculations. 
' Khondali te (garnet-sillimani te gneiss) . 
bDyke, 

k1 (DII) 

7810 

58 I 55 

-
129 I 40 

100 I 61 

47 I 64 

24 I 51 

258 I 10 

86170 

-
104 I 29 

-

97 I 31 

243 I 44 

324 I 58 

249 I 27 

This observation may explain examples where the fabric observed in the field differs from the 

AMS fabric. At site 1 ten cores were drilled from two large basic granul ite lenses 1-2 metres thick and 

3-5 meteres long; both are incorporated in strongly deformed felsic gneisses where a well developed 

foliation is the same as at site 2 (Fig. 8.5) . Magnetic fabrics in the lenses have the same orientation but 

diverge from the tectonic fabric recorded in the fe lsic gneisses. It is therefore possible that the AMS in 

the basic granulites records a mineral fabric formed during an earlier stage of the uplift, as recorded at 

sites in the south of the section near Wayaokou; if this is the case, these large mafic lenses res isted the 

recrystall isation experienced by the fe lsic host rock. In addition to the mineral fabrics recorded in the 

core complex and detachment zone, the AMS at site 4 has recorded a contrasting fabric with an 

extension lineation nearly horizontal and parallel to the trend of a steeply dipping foliation. These 

samples come from a steep high strain belt ca. 100 metres in width and probably formed during later 

04 NNE-directed sinistral strike slip shearing. This kind of fabric also affects the high susceptibility 

samples at site 5 (Fig. 8.3A). Although susceptibilites in the khondalite of the hanging wall of the 

detachment are much lower than in the basic granulites (see Fig. 8.3 and Table 8.1 ), the magnetic 

fabrics are in agreement with the fabrics recorded in the field. 
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In the Buzhiwang - Zhangxiaochun area in the southwestern part of this terrain (Figs 2.4 & 

8.6), sampled sites come from the basement and detachment zone. Samples from the western section 

(sites II , 14 and 16 in Fig. 8.6 and site 18 in Fig. 2.4, predominantly record fabrics formed during 04 

strike slip or normal oblique shearing, which is dominated by a high angle normal oblique movement. 

The AMS fabrics identify the steep dip (65-85°) of the foliation and the lineation is about 45° oblique 

to the strike of the foliation . In contrast, the samples from site 12, 13, 15 and 17 record a well 

developed magnetic fabric defined by the 03 detachment (note: a steeper fabric in site 12 comes from a 

dyke); this shows a S or SSE directed low angle decollement with a normal sense of motion. Site 17 is 

a typical high pressure mafic granulite at ca. 14 kbar with a garnet+ two pyroxene mineral assemblage 

and the fabric lies close to the high strain detachment zone recorded by the AMS. Some cores at sites 

12 and 16 are basic bodies of an earlier generation, with a contact relationship with the country rock 

gneisses not readily discerned at the outcrop. The k l-k2 fabric in these bodies is mostly aligned in the 

inferred dyke planes, although a few cores have AMS reflecting the country rock fabric (Fig. 8.6) 

suggesting an influence of 03 (site 12) and 04 (site 16) in these two units. 

Figure 8.6 Simplified geological map and AMS fabrics in Buzhiwan-Zhangxiaochun area. Symbols are as fo r Fig. 8.5. 
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The only fabrics of post tectonic origin are recorded in mafic and ultramafic dykes cutting the 

basement. These include sites 8 and 10, which are probably within the same NNW trending dyke (Fig. 

8.5). The weak fabric (Table 8. 1) in this thick dyke is probably primary and related to emplacement 

(Ellwood, 1978) because k1 and k2 are oriented in the plane of the dyke and k3 is perpendicular to this 

plane. This unit is a member of a northerly-trending swarm considered to be of mid-late Proterozoic 

age (Chen et al. 1989, Qian et al. , 1987). 

8.5 Discussion 

Some of the magnetite grains, which are likely carriers of stable remanence, are part of corona 

textures around minerals such as garnets and pyroxenes; these reflect retrograde reactions indicative of 

regional decompression and have no apparent fabric (Fig. 8.2). Other grains of exsolution origin are 

prominently aligned in cleavages of pyroxenes and amphiboles (Fig. 8.2) although only the amphibole 

is aligned in the foliation. Late magnetite fracture fillings are similarly aligned along cleavages and 

grain boundaries but only the quartz and feldspar are found to be prominently aligned in the foliation in 

theses rocks. In these cases the host silicates have the fabric expressed both in the macroscopic 

foliation and the AMS. 

The magnetic fabric is found to be a sensitive indicator of tectonic fabric in this basement 

metamorphic terrain. In the granulites of the studied area, the magnetic fabric predominantly reflects 

mineral growth during the D3 deformation which is interpreted as a high strain contact between 

allochthonous cover and basement (Zhang et al. 1994). 
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CHAPTER9 

Paleomagnetism of the high-grade rocks 

9.1 Introduction 

The palaeomagnetic record is typically a later feature acquired over a broad spectrum of 

blocking temperatures below the Curie point (see Fig. 8.1) of the ferromagnetic carriers(s), usually 

magnetite (<580 °C). It is therefore related to the regional post-metamorphic uplift (Morgan 1976, 

Piper 1985, 1992) and within cratonic interiors it postdates most, or all, of the deformation history. The 

stable remanence usually resides in only a small fraction of the ferromagnetic grains with specific size 

(and often shape) properties (Morgan and Smith 1981); these grains are frequently subsolidus 

exsolution phenomena or later fracture fillings (Piper 1987, 1992). Hence any fabric of magnetic 

remanence cannot be directly related to the fabric of AMS, although it is often possible to recognise a 

correlation between the magnetic remanence direction(s) and the tectonic and AMS fabrics . This 

chapter reports the first palaeomagnetic results from metamorphic rocks of the North China Shield. The 

palaeomagnetic investigation has been undertaken in parallel with the study of AMS. The 

palaeomagnetic data are compared with AMS and used to tentatively extend the apparent polar wander 

record of the North China Shield backwards in time. 

The tectonic-metamorphic cycles in Datong-Huaian granulites are tentatively assigned to early 

Proterozoic times at ca. 2500 and 2000-1800 Ma (see details in Charpt 4). The general clockwise P-T-t 

scheme recognised in this region is common to many other Precambrian granulite terrains (e.g. Harley 

1988) and is commonly interpreted to reflect crustal thickening (probably in a collisional tectonic 

setting) followed by extensional collapse. Temperatures of this terrain rapidly dropped below the Curie 

point of the magnetic carriers ( <580 °C) during this decompression and are presumed to have fallen to 

ambient temperatures by the time of deposition of the overlying Jixian Supergroup ( -1840 Ma, see Fig. 

8.1). 

Notes to table 9.1 ---
D and I are the mean declination and inclination derived from n sample component directions out of a total site 

population of N samples yielding a resultant vetor of magnitude R. <X95 is the radius of the cone of 95% confidence about the 
mean direction and k is the Fisher precision parameter(= (n-1)/(N-R)). Dp and dm are the radii of the oval of confidence 
about the pole position in the colatitude direction and at right angles to it respectively. The site means used for the group 
mean calculations are A I: I (i), 3(R), 4, 5(ii), 8(iii) and 9(iii, R); A2: 5(ii), 7(i), II , 14, 17(ii) and 18(iii); A3: I (ii), 2(i), 5(i), 
5(iii), 7(ii), 9(ii), 13(R) and 15(ii); A4: 2(ii), 7(iii), 15(i), 17(i) and 18(i); R indicates antiparallel directions used. 
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Table 9.1: Site and group Mean Palaeomagnetic Components identified in the Datong -Huaian Metamophic Terrain, North 
China Shield 

Site No. N/n R CX.s\) k D(") I(") 

(a) Metamorphic rocks 

I (I) 14/6 4.87 14.2 30.2 46.6 -13.0 

(ii) 17 6.90 7.9 60.0 16.4 -13.0 

2 (I) 15/9 8.90 5.9 77.1 351.2 -9.2 

(ii) 15 4.97 6.5 137.9 323.0 -9.6 

3 14/14 13.59 7.2 3 1.8 230. 1 12.4 

4 12/1 1 10.82 6.3 54.1 5 1.9 -2.0 

5 (I) 10/8 7.88 7.3 58.4 20.4 2.0 

(ii ) /4 3.63 34.5 8.0 67. 1 - 13.9 

(iii) /9 8.65 10.9 23. 1 355.2 25.6 

6 6/6 5.88 10.7 40.5 36.5 - 14.0 

7 (I) 16/10 9.81 7.1 47.3 3 1.2 -23.8 
(ii) /4 3.94 13.6 46.7 35 1.1 -9.4 

(iii) /4 3.89 18.3 26.2 332.8 27.4 

9 (I) 9/8 7.82 8.9 39.3 359. 1 62.1 
(i i) 16 5.58 20.3 11.8 9.4 9.6 
(iii) /4 3.88 19.0 24.3 269 .1 18.6 

II 7/6 5.90 9.5 50.6 23.6 -14. 1 

13 616 5.98 4.2 260.7 190.5 1.0 

14 13/12 11 .57 8.7 25.8 22.0 -19.6 

15 (I) 13/5 4.78 18.4 18.3 308.8 0.5 
(i i) /8 7.7 1 11.5 24.3 3.9 -25.7 

17 (I) 12/6 5.64 18.6 13.9 3 19.5 22.2 
(ii) 12 1.99 - 77. 1 3 1.0 -36.7 

18 (I) 15/9 8.77 8.8 35.3 335.4 -1 4.6 
(ii) /5 4.72 21.0 14.2 14.6 51.0 
(iii) /3 2.88 3 1.5 16.4 40.9 -8.7 

(b) Dykes 

8 (I) 919 8.84 7.4 49.8 8.1 60.9 

(ii) /9 8.92 5.0 105.9 43.3 15.4 

10 (I) II/I I 10.83 6.0 58.2 358.0 62.5 

(ii) / 10 9.72 8.6 32.4 34.7 5.2 
12 (I) 11/9 8.84 7.4 49.4 359.5 71.8 

(ii) /10 9.73 8.5 33.3 168.3 35.1 

16 12/5 4.73 20.6 14.7 96.7 8.8 

(c) Representative Group Means: 
AI 6 comps. 5.76 15.2 20.4 57.2 11.9 

(Palaeopole: 50.6°E, 20. 1°S, dp/dm = 7.8/15.4°) 
A2 6 comps. 5.88 10.3 43.4 28. 1 19.5 

(Palaeopole: 79.7°E, 33.4°S, dp/dm = 5.6/1 0.7°) 
A3 8 comps. 7.61 13.4 18.0 4.9 2.8 

(Palaeopole: I 06.2"E, 48 .1 °S, dp/dm = 6.7/13 .4°) 
A4 5 comps. 4.72 21.0 14.3 323.7 5.2 

(Palaeopole: 164.1 °E, 40. 1°S, dp/dm= 10.6/2 1.1 °) 
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9.2 Properties of magnetic remanence in the granulites 

Palaeomagnetic analysis recovered a high proportion of stable components of magnetisation at 

all sites in the granulites (sampling areas and site 18 are shown in Fig. 2.4. Locations of other sites are 

shown in Figs 8.5 and 8.6). Typically a two or three component structure is resolved in the magnetite 

range by progressive thermal treatment(<580 °C) although pure single components are occasionally 

found (e.g. 2-8 in Fig. 9.2 and 15-9 in Fig. 9.3). Whilst initial steps of treatment often recognise a 

component of viscous origin, the demagnetisation are plotted in Figure 9 .1. The major group of 

components defines a swathe of directions with shallow, mostly positive, inclinations and declinations 

ranging anticlockwise from ca. 60°E to 310°E; the best-defined earlier part of this swathe is recorded 

by antiparallel directions of opposite polarity, in this case with shallow negative inclinations and 

declinations between 250°E and 190°E. A subsidiary number of directions are similar to the Earth's 

present field in this region (mean D/l = 0/59.5°) although inclinations are mostly somewhat steeper. 

Site mean groupings of directions are listed in Table 9.1 . 
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Figure 9.1. Di rections of magnetisation resolved from metamorphic rocks in the Datong-Huaian area and corresponding 
palaeomagnetic pole positions. Pole-centred equal area projections; tri angles are lower hemisphere plots and crosses are 
upper hemisphere plots. 
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Figure 9.2 Orthogonal projections illustrating behaviour of magnetisations in representi ve samples of metamorphic rocks 
from the eastern sector of the Datong-Huaian area (see Fig. 2.4 and 8.5) with progressive thermal demagnetisation. Closed 
circles are projections onto the horizontal plane and open circles are projections onto the vertical plane. The fi gures on the 
axes and intensities of magneti sation in x 1 o-5 A. m2/kg. 
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As is typical with metamorphic rocks, magnetic properties vary considerably within sites and 

even between adjacent samples (c.f. 5-2 and 5-6 in Fig. 9.2 and samples 14-3 and 14-10 in Fig. 9.3); 

stepwise treatment of all cores at a site is therefore essential. Present Earth's field (PEF) components 

are not prominent in the granulites; instead the remanence is characterised by a magnetite 

remanence with narrow unblocking temperatures (e.g. samples 2-8 and 6-4 in Fig. 9.2 and 13-l in 

Fig. 9.3). In the western traverse, directions of opposite polarity are more often recorded (e.g. samples 

13-l and 15-9 in Fig. 9.3). Although site populations are of discrete polarity, evidence for field 

inversion during magnetisation is sometimes observed within individual cores (e.g. 6-5 at <400 °C and 

l-12 at >300 °C in Fig. 9.2). 
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Figure 9.3. Orthogonal projections illustrating behaviour of magnetisations in samples of metamorphic rocks from the 
western sector of the Datong-Huaian area (for location see Fig. 2.4 and Fig. 8.6) . Symbols are as for Fig. 9.2. 
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9.3 Early Precambrian APW path and its tectonic interpretation 

The pole positions (Fig. 9.1B) show no correlation with the Upper Carboniferous and younger 

apparent polar wander (APW) path of the North China Block (Enkin et al. 1992, Doh and Piper 1994). 

They were therefore not imparted during Mesozoic and later tectonism linked to impingement on, and 

deformation within, the Eurasian tectonic assemblage; hence they are probably of Precambrian origin, 

although field tests to confirm this are typically unavailable in such terrains. In particular the 

preservation of dual polarities within individual samples and the record of a long continuous swathe of 

palaeofield migration is a typical signature of remanence acquisition during slow uplift-related cooling; 

it is widely observed in other metamorphic terrains of early Proterozoic age (Piper 1985,1992). This 

high quality record is well recorded by metamorphic magnetite with needle and blade like form and 

single or pseudo-single domain (SO and PSD) properties. Grains with these properties are probably 

included within the last three generations of late metamorphic magnetite growth described in section 

8.2, Part ill; they include exsolution lamellae, coronal growths and inter- and intra-grain microfractures 

(although actual SO and PSD grain sizes will be a little below the resolution shown in Fig. 8.1 ). These 

grain properties are well suited to preservation of a stable remanence characterised by the high amd 

narrow blocking temperature spectra (Morgan and Smith, 1981 , Piper 1987). 

The trend of the swathe of component directions observed in Fig. 9.1 cannot be resolved 

unambiguously. There is a no systematic movement of component directions during progressive 

thermal cleaning indicative of palaeofield migration during regional cooling (eg. Morgan 1976), 

although the NE/SW dipolar axis is the best-defined part of the swathe and the distribution becomes 

more dispersed to the NW/SE as inclinations tend to move from shallow negative to shallow positive; 

in addition a higher to lower blocking temperature motion in this sense is recognised in discrete 

blocking temperature components at sites 15 and 17 (and see, for example, component structures in 

samples 4-11 , 5-6, 6-5, 11-1 and 14-3 in Fig. 9.2 and 9.3). The representative group mean directions, 

calculated from four sets of site mean directions, are listed in Table 9.1 and correspond to a movement 

of the palaeopole from 51 °E, 20°S to I64°E, 40°S (Table 9.1 and Fig . 9.1). 

As a consequence of slow cooling, individual samples record long time averages of geomagnetic 

field behaviour and therefore palaeomagnetic poles. Hence this polar movement is also reflected in the 

swathe of palaeopoles derived from sample components (Fig. 9.1B). In common with APW records 

from Precambrian metamorphic terrains elswhere, it is not possible to relate isotopic and magnetic 

closures and hence date this motion precisely. However, in general terms it will be applicable to the 

interval of post-tectonic uplift and cooling following the M2 metamorphism ( + 04 deformation, ie after 

ca. 2000Ma) and before the studied section had attained high crustal levels. A younger limit for this 

latter time is indicated by deposition of the first members of the cover sequence rocks of the Jixian 

Supergroup at ca. 1840-1650Ma (Elston et al. 1989). 

145 



EUP 
EUP EUP 

e Horizonml 

( \ v~rrical 

Sample 12-2 

$25 

so " 

WDOWN WDOWN 

Figure 9.4. Orthogonal projections illustrating behaviour of magnetisation in the dykes with progress ive thermal 
demagneti sation. Symbols are as for Fig. 9.2. 

Whilst directions of negative inclination are most prominent m the majority population of 

northerly directions, positi ve inclinations are also present following removal of a discrete PEF 

component (e.g. sample 9-7 in Fig. 9.2). These shallow positi ve components include reversals (e.g. l-1 2 

in Fig. 9.2) and are probably a subsidiary record of APW, although its age relationship to the 

predominant swathe cannot be ascertained. Possible relationships between remanence and magnetic 

fabric is examined in section 9.4 below. 

The mafic and ultramafic dykes (sites 8, I 0, 12 and l6) are all characterised by more prominent 

PEF components than the basement granulites (Fig. 9.4), and hence have magnetite grains of different 

character (probably more multidomain carriers). The dykes (s ite 12 and 16) include some record of the 

fabric in the basement and have characteristic higher blocking temperature components that contrast 

with the basement rocks (Table 9. 1 ); these also differ from the post-tectonic dyke at 8 and LO. Although 

the latter yield characteristic components of on NNE shallow direction, very similar to the metamorphic 

country rocks, we believe th is is fortuitous and suspect that thjs dyke records a much younger age of 

magnetisation (and c.f. results from older dykes 12 and 16). This is implied by a return loop in the 

APW path defined by the results of Elston et el. ( 1989). The characteristic remanence is similar to 

results from other comparable N and NNW trending dykes in the North China Shield (Qian and Chen 

1987, mean of 3 1 samples from four dykes is 0 /I = 11.5/0.2°). 
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9.4 Correlation between magnetic remanence and kl directions 

Compari son of Tables 8.3 and 9. 1 identi fies no prominent correlation between palaeomagnetic 

and kl directions; only at sites 4, 5 and 9 are components of magnetisation resolved within 10° of the 

max imum susceptibility direction. 

The magni tude of AMS in the granulites is seldom less than 20% and only rarely more than 

40% (see Fig. 9.5); it averages 28.5%. Thi s is of course, not necessarily similar to the anisotropy of the 

small content of ferromagnetic grains responsible for the stable magnetism. 

However, whilst there is no prominent evidence fo r remanence bias by magnetic lineation, the 

main swathe of component directi ons is observed to lie c lose to the pl ane of the 0 3 fo liation (Fig. 

9.5) . A possible control of the characteri stic remanence by thi s fo liati on is therefore ev ident in these 

rocks. Unfortunately no generall y-accepted quantitati ve methods presently ex ist fo r correcting 

remanence directions for the effec ts of ani sotropy (Tarling and Hrouda 1993), although applicati ons 

of laboratory-induced isothermal or anhysteritic magneti sations may enable thi s in the future. Hence 

the possibl e effects of anisotropy need to be assessed in qualitati ve ways from the petrology and 

fabri c. 
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Figure 9.5 Eq ual area projection showing the fi e ld of k I AMS axes measured in the metamorphic rocks compared wi th 
the palaeof'ield migration path resolved from this tetTain as defined by the group mean calculati ons A1 to A4 listed in Tab le 
9. 1. T he sequence A1 to A4 indicates the probable direction of palaeotield migration. The inset histogram illustrates the 
distribution of anisotropy magnitudes (k J/k3) in the metamorphic rocks of thi s study. 
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It is anticipated that the magnetite grains will reflect to some extent the directional fabric of the 

host silicates. McElhinny (1973) has estimated that anisotropies of 20 - 50 % are equivalent to 

maximum deflections of the magnetisation direction between 5.2 and 11.6°. This would imply that 

deflection of the remanence into the foliation will not influence the APW swathe defined by the uplift 

magnetisations from this metamorphic terrain in a major way. 

An alternative way to assess the influence of anisotropy on palaeomagnetic directions is to 

compare the results from sites with contrasting, or strong and weak, fabrics. The khondalite site 3 has 

an anomalously weak AMS ( <5%) but possesses a reversed remanence (D/1 = 230/+ 12°) plotting on the 

major swathe of remanence directions. Sites 11 , 14, and 18 are remote from the basement-cover 

detachment and have a NW directed fabric (see Figure 8.6) dominated by 04. The directions resolved 

at these sites are all part of the predominant swathe of directions resolved elsewhere. Hence we 

tentatively conclude that the uplift magnetisations in this metamorphic complex have recovered, with 

only slight modification, a record of motion of the terrain at ca. 2000-1840 Ma (see Fig. 8.1 ). The 

corresponding palaeopoles (see Table 8.1) plot between the Atlantic and the central Pacific in 

continuity with the earliest part of the APW path resolved from the succeeding Jixian Supergroup of 

Mesoproterozoic age (Elston et a!. 1989). This provides evidence that the Datong-Huaian granulite 

terrain was uplifted and cooled before the Mesoproterozoic when the magnetic remanence and fabrics 

were recorded. 
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CHAPTERJO 

Discussion and conclusions 

10.1 Discussion 

Studies on Archaean high-grade metamorphic terrains are mostl y concerned with petrologic and 

structural analyses . The petrologic study, in general, has produced a thermo-tectonic model fo r the 

terrains without details of the structural processes. The structural analyses have establi shed a seq uence 

of deformation events in combination with details of the geometry and kinematics for each event that 

has been preserved in the terrain , but lack P-T and age controls. In recent years, a more commonly 

accepted model for the structural and metamorphic evoluti on of these terrains is achieved by 

combining studies along these two lines. 

Structural analyses in poly-matamorphic granulite terrains is difficult owing to the intensity of 

deformati on and the destruction of prograde microstructures (Passchier et al. , 1990; Hand et al. , 1992). 

A large proportion of partial melt, together with pervasive syn- and post-kinematic annealing and grain 

growth, generally obliterate all previous deformat ion features. Metamorphic textures, on the other hand, 

are commonl y well preserved, and petrological studies are abundant. Therefore, tectonic models for 

granilites are heavily bi assed towards the interpretati on of P-T paths, fo llowing the lead of England and 

Thompson ( 1984) and Thompson and England ( 1984 ). For example, clockwise isothermal 

decompressional paths, common in many granulite terrains (Bohlen, 1987; Harley, 1989), are typicall y 

interpreted asreflecting crustal thickening fo llowing by extensional collapse. However, the exact 

geometries and kinematics of the structures responsible for the thickening and collapse are rarely 

discussed. As a consequence, relatively little is known about the deformation processes that occur in 

the lower crust. 

Models for the structural and metamorphic evoluti on of the Datong-Huaian granulites (Figs, I 0.1, 

I 0.2 and I 0.3) are made in combination with data from both petrological and structural studies that 

have been described in the chapters 3 to 9 of thi s thesis. 

10.1.1 Major deformation events 

In the Datong-Huaian area, evidence ex ists fo r four major deformation events. Early, NW-SE 

trending lineations, associated with inclusion patterns in porphyroblasts , may reflect a prograde event 

(0 1 Ba). The peak mineral assemblages in both the TTG gneiss and khondali te series formed during a 

second event, and could be associated with the interleaving of TTG gneiss and laterally continuous 
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slivers of khondalite during an episode of burial and/or crustal thickening (D2sa!D I co), during which 

the high-pressure granulites were formed at the lowermost crust level. The third, and by far the 

dominant, event (D3) is related to the pervasive, shallowly SW plunging lineation (L3siw). 

This thesis has been mainly concerned with the D3 event that allowed the exhumation process 

to proceed. Detailed mapping and observations on the geometry and kinematics of D3 structures in 

critical areas of the terrain, revealed geometries produced by the exhumation process. This exhumation 

process may be genetically linked to the second (D2) event via a process of crustal thickening followed 

by extensional collapse. It is suggested, on the basis of petrological evidence, that exhumation of the 

high-P assemblages was accommodated by a lower/mid-crustal detachment zone (the intermediate 

litho-tectonic domain), which simultaneously allowed the juxtaposition of the high-P basement 

gneisses (lower Jining Group) and the lower-P khondalite sequence (upper Jining Group). A fourth 

episode of deformation was associated with discrete shear zones in both the khondalites and TTG 

gneisses (D4), and a static thermal overprint of the TTG gneiss . The above observations allow 

presentation of a more dynamic model for the exhumation of the Archaean lower crust and the high-P 

rocks (Figs I 0.1 and I 0.2) in the Datong-Huaian. 

Although no direct ages for metamorphic minerals in the Datong-Huaian terrain have been 

reported, it is most likely that all structures in the area are associated with the regionally consistent 

SW-plunging L3slw lineation formed during D3. Charnockites emplaced during this event date at 

around 2450 Ma (i.e. Liu D. et al., 1996) suggesting that it took place between 2500-2400 Ma (see Fig. 

2.5). 

10.1.2 Relationship between deformation and metamorphism 

Since the tectonic characterization of granulite terrains strongly relies on the interpretation of 

metamorphic textures, which result in a reconstructed P-T path that can be placed in an absolute time 

frame, the exact geometries and deformation processes in the lower crust remain an enigma. Proposed 

tectonic models, therefore, are variable. The Datong-Huaian granulites were recognized as a high-P 

granulite terrain in the early 1990s, when it received much attention. These earlier studies, mostly of 

the metamorphic petrology, tried to relate the nature and distribution pattern of the high-P assemblages 

to compressional tectonic activity in different collisional settings (see Fig. 2.2 and the text in section 

2.1, Zhai et al., 1992; Wang R. et al., 1994). Meanwhile, an independent study (Zhang et al. , 1994) 

proposed an extensional model in which a low-angle detachment allowed the unroofing and 

exhumation of the high-P TTG gneiss, which was consequently brought in contact with the supracrustal 

khondalite series. The above tectonic models are not necessari ly mutually exclusive, but reflect a lack 

of exact knowledge concerning the structural geometries and the actual mechanical processes. However, 

the structural analysis of a poly-metamorphic granulite terrain is indeed difficult because of the 

intensity of deformation and re-equilibration processes erase the products of older structural and 

metamorphic events. 
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Figure 10.1 Schematic model showing the defonnation history of the Datong-Huaian granulites in the early Precambrian 
and the geometry of 03 defonnation at lower crust level. The first tectonic-metamorphic event (D I 8 .) at granulite facies in 
ITG gneiss, here assumed to be extensional, probably occurred at Meso-Archaean (see details in section 2.1) that was 
followed by the deposition of pelitic sediments (A). Peak mineral assemblages present in ITG gneiss and khondalites fonned 
during the second tectonic-metamorphic event (028, and Ol eo). during which the high-pressure granulite was fonned at the 
lowennost crust level and the crust-mantle boundary is strongly unstable and results in an alternation of maftc and silicic 
layers in the lower crust (B', Costa and P. Rey, 1993). The thickened crust was consequently thinned during the 03 event as a 
result of gravitational collapse in the middle and upper crust in combination with a solid-state diapiric rise of the lower crust 
(C). 
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This thesis tries to constrain an extension and exhumation model by presenting details of the 

deformation geometries and kinematics recorded in the rocks (Chapters 3-6) combined with the P-T 

histories from petrological and palaeomagnetic studies (Chapters 7-9). In this way the recorded 4 - 6 

kbars of uplift indicated from petrological studies (see details in section 7.4) can be considered in 

tectonic and geodynamic interpretations of the structural data, as outlined below. 
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Figure 10.2 Schematic model showing the geometry and kinematics of the D3 deformation. Positions of the three 
litho-tectonic domains are shown in Figure I 0.1. (A) During the D3 deformation, the lower domain is dominated by the 
solid-state diapiric rise of lower crustal material that results in the gneissic domal structures. Vertical tlow caused by diapiric rise 
in lower domain spreads sideways in the intermediate and upper domains because of the gravity dri ven collapse . (B) 
Defo rmation in the intermediate domain concentrated on the shallowly dipping high-strain zones that are dominated by a 
non-coaxial tlow. Orientation of the L3,1w lineation and shear sense indicators suppo1t an asymmetrical uplift model. 
Development of co- linear structures and fold geometries that relate to a progressive flattening in combination with alternati ve 
compression and sideways flow are discussed in the text. (C) D3 steeply dipping high su-ain belts, that developed at the rim of 
the domes, are followed by the D4 shear zones. Fold styles and geometries used in this diagram are described in section 5.2.2. 

Peak-metamorphic conditions, as reported by Cui ( 1982), Liu J. (1989), Zhai et al. ( 1992), 

Zhang et al. ( 1994) and Wang R. et al. (1994), were calculated from garnet-bearing 2-px mafic 

granulites. Such rocks occur as isolated pockets throughout the TTG gneiss (see Fig. 2.4). Some larger 

garnets in these rocks contain inclusions of cpx , plag and quartz that yield the highest P-T estimates. 

These garnets are enveloped in the macroscopically visible S3 gneissic foliation suggesting that the 

peak-metamorphic assemblage formed early, during or before, the development of the D3 gneissic 

foliations now apparent in the area. 
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Although the garnet pseudomorphs are variable in texture depending on their parent bulk 

composition (see details in section 3.4), the replacement textures are commonly recrystallised and 

elongated parallel to the mineral lineation. The garnet replacement textures are all indicative of 

decompression-cooling along aP-T line that is steeper than the P-T lines bounding the gnt-px stability 

fields (Green and Ringwood , 1967; Harley, 1984a, 1989; Zhang et al. , 1994). Garnet is more stable at 

lower pressures in felsic than in mafic lithologies (e.g. Green and Ringwood, 1967). Going from mafic 

to more felsic bulk compositions, garnet replacement textures become progressively less complete, and 

replacement products (coronas) become progressively less strongly recrystallised and deformed. This 

indicates that deformation associated with the SW plunging lineation must have occurred during the 

exhumation of these rocks as the various pressure sensitive reactions for the different bulk 

compositions were passed. Slightly deformed replacement textures yield pressures of around 7-8 kbar 

at 800 °C (Zhai et al. 1994, Zhang et al. 1994) down from peak conditions at 14 kbar and 900 °C. This 

implies that most foliations and lineations formed between 14 and 7 kbar and circa 900 - 800 °C, and 

that the predominant deformation geometries encountered in the field accommodated this exhumation 

(for more details see the discussion in section 7.6). 

10.1.3 Three litho-tectonic domains 

It is clear that foliation patterns in a granulite terrain, like the Datong-Huaian area, are not the 

most workable geometric feature to use when describing the deformation history, because of multiple 

transpositions and numerous overprinting folding episodes. 1n contrast, lineation patterns prove more 

useful since many of the overprinting foliations have similar mineral lineation directions and are 

colinear with different fold episodes (see also Dirks et al. , 1997). This suggests that tectonically related 

events (or geotectonic settings) can be grouped on the basis of a common lineation direction, indicative 

of the principle direction of tlow and to which can be grouped a large range of fold styles and 

geometries that formed progressively during the granulite metamorphism. Using this approach, the 

upper and intermediate litho-tectonic domains in the Datong-Huaian area are similar, while the lower 

domain shows a gradual transition into the intermediate domain as its more widely distributed 

lineation/foliation directions are gradually transposed (Fig. I 0.2). Textural evidence indicates that all 

three domains developed during an exhumation of at least 6-7 kbars. The differences in defomational 

styles can therefore be interpreted as representing different geomechanical settings within the lower 

crust allowing the rise of deep crustal material. 

The salient structural features of each domain are outlined below. 

The lower litho-tectonic domain is characterised by the following features: I) km-scale 

domal/synformal structures with hinge regions defined by a single flat gneissic foliation and limb 

regions defined by numerous recumbent folds associated with progressive transposition of the gneissic 

layering; 2) highly variable foliation and lineation orientations that vary systematically around the 

domal structures; 3) the occurrence of more than one gneissic layering, particularly in the limb regions 
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of the domal structures, and hence truncations and transpositions of different gneiss foliations; 4) the 

occurrence of numerous interfering fold episodes, many of which are colinear in outcrop; 5) a strongly 

recrystallised nature to the rocks, generally obliterating mineral lineations defined by individual grains; 

6) the occurrence of cross-cutting charnokitic veins and leucosomes. 

The intermediate litho-tectonic domain is characterised by the following structural features: 

1) an intense foliation in which tectonic lenses of variable composition are transposed. Only one 

gneissic layering containing isoclinal intrafolial folds is regionally preserved; 2) a constant orientation 

of the L3siw lineation, which plunges shallowly to the SW; 3) mineral lineations defined by individual 

grains are generally well-preserved, and recrystallisation of the dominant fabric elements is not 

pervasive; 4) the dominant macroscopic fold geometries include the earlier upright folds (F3a) refolded 

by open recumbent folds (F3c) with fold axes that parallel the L3sJw lineation. The envelope of the 

upright folds dips steeply to the SW; 5) the foliation I lineation patterns appear to be associated with 

predominantly SW-directed non-coaxial flow; 6) The contact to the lower litho-tectonic domain is 

gradual, as the domal structures appear to be progressively transposed in the more planar foliation; 7) 

earlier lineations (L2) do exist. These are either coarsely recrystallised stretching lineations, or include 

lineations of sillimanite in large, coarse-grained garnets. The earlier lineations are generally oriented at 

high angles to the dominant SW-plunging L3siw lineation and trend around NW-SE; 8) numerous 

syntectonic felsic intrusions appear to have been emplaced during granulite facies metamorphism. 

The upper litho-tectonic domain is not only lithologically different, but also the orientation of 

the dominant shallowly plunging L3sJw lineations to the WSW differs from the above. But the domain 

forming the transition is characterised by similar stuctural trends. In addition, the upper litho-tectonic 

domain preserves evidence for later transposition fabrics along steep, NE-trending shear belts that 

formed during the D4 granulite event at -1900 Ma ago. 

10.1.4 The domal structures 

Domal structures are found to be the dominant structural pattern in the lower litho-tectonic 

domain of the Datong-Huaian granulites. In the literature, similar domal structures, or mantled gneiss 

domes, occur in many early Precambrian metamorphic terrains, such as the Canadian shield 

(Schwerdtner, 1984), Zimbabwe shield (Snowden, 1984) and the greenstone belts of the Pilbara block 

of Australia (Hickman, 1984). Domes are also found to be an essential structural pattern in the 

Archaean granite-greenstone belt in Superior Province of the Canadian shield (Goodwin, 1981; Burke, 

1982). These domal structures comprise less deformed and low-grade metamorphosed granitic core 

rocks surrounded by supracrustal belts of a similar metamorphic grade, and are interpreted as having a 

possible solid-state diapiric origin (Ramberg, 1963, 1972). 

Domes are not only found in the Archaean but are found in orogens throughout the geological 

record (Eskola, 1949). Paleoproterozoic domes are found in the Pine Creek Geosyncline of N. Australia 
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(Williams, 1967; Heier and Rhodes, 1966; Richards et al. , 1966; Stephansson and Johnson, 1976), Pan 

African domes are found throughout the Namubian Shield (Blasband et al., 2000), Paleozoic domes are 

found in Caledonide terrains (Eskola, 1949; Haller, 1962, 1971; Thompson, 1968; Higgins, 1973) and 

finally Cenozoic domes are common in the Eastern Mediterranean (Gautier and Brun, 1994; Lister and 

Baldwin, 1993) and in theN. American Cordillera (Coney, 1980; Lister and Davis, 1989; Malavieille, 

1987). These domes typically consist of lower crustal metamorphic core rocks in contact with an upper 

crustal or sedimentary carapace. 

Because of their wide distribution, a number of models have been postulated for their origin. 

These include: 

1) Intrusions 

This was the original explanation given by Chapman ( 1939) who saw the Bronson Hill gneiss 

domes of New England as laccoliths emplaced into extending overlying strata, because the foliation in 

the core is partly of igneous origin . 

2) Multiple orogenic events and associated extrusions. 

Eskola (1949) envisaged that the development of the Finnish gneiss domes in the Scandinavian 

Caledonides resulted from two orogenic events. During the first, granite intruded into a 

metasedimentary I metavolcanic cover. They were then eroded, exposed and covered by later sediments 

only to be re-intruded by a second wave of granites during a second orogenic phase. This caused 

upwelling due to unloading, and led to a gneissic foliation which enveloped the dome. 

Another explanation suggests that there is a foliation parallel to the contact that predates doming. 

In some cases the core/mantle contact may be a thrust plane or a thrusted unconformity and the 

foliation and thrust may be contemporaneous. A similar mechanism has been used to explain the origin 

of the domes in the Crystalline Massifs of the European Alps where they were postulated to have been 

formed by nappe emplacement (Thompson et al. , 1968; Coward, 1976; Kroner, 1984; Duncan, 1984, 

Passchier et al. , 1990). 

3) Diaperic upwellings 

This was first postulated by Thompson (1950) as an alternative to I) and become the prime model 

for the Archaean domes (Hickman, 1984; Choukroune and Mattauer, 1978) and has since been 

extended to cover the mantled gneiss domes of Finland (Brun et al., 1981 ). This model has been 

successfully simulated experimentally (Ramberg, 1967; Summers and Diton, 1986) and modeled 

mathematically by Fletcher (1972). 

4) Superimposed folds 

Richards et al. (1966) pointed out that the core granites of the dome in New England represent 

culminations which occurred where anticlines, of two separate generations and of different trends, 

interfere to produce a structural high. 
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Ramsay ( 1967) used this mechanism to explain the origin of the domes in Uganda and Ruanda 

and pointed out that the mechanism is not necessary incompatible with the gravity instability 

mechanism. Myers (1985) postulated that the Archaean domes of the Yilgarn Craton of western 

Australia formed by a similar process. 

5) Thrust generated culmination 

This model postulates that the deeper crustal rocks in the core of a dome were emplaced into the 

upper crustal enveloping rocks as a result of thrust stacking to form a culmination. This mechanism has 

been used to explain the origin of domes formed in the crystalline massives of the European Alps 

(Haller, 1962; Thompson et al., 1968). 

6. Core complexes . 

Over the last 20 years, an interpretation on the origin of the domal structures have been 

developed based on the studies on the Cordillera metamorphic core complex (Crittenden et al., 1980). 

There are circa 25 isolated core complexes that are found along the Cordillera orogen in western USA. 

Rocks in the core complexes consist of high-grade metamorphics that are strongly deformed, with the 

development of mylonite or mylonitic gneiss on their top. Foliations and lineations that developed in 

the mylonites are shallowly dipping and sense of shear indicators show, in general, a normal sense of 

movement. Therefore the mylonite zones that separate the core complexes, in the footwall, from a less 

deformed cover sequence, in the hanging wall, act as important decollements when the core complexes 

uplift. The core complexes have a characteristic domal or elongated sub-domal shape. Coney (1980) 

compared the Cordilleran core complexes and the Finnish mantled gneiss domes and pointed out that 

the core complexes are formed as a result of domal uplift that occurred as the result of the gravitational 

collapse of an orogen. Coney also pointed out that the presence of the metamorphic core complexes in 

previous orogenic belts is a common feature of continental regional extension. 

Over the last ten years, the importance of extensional tectonic processes in the exhumation of 

the deep crust has been documented from a large number of variably aged orogenic terrains (e.g. 

Seranne and Malavieille, 1994). Evidence derived from these studies shows that extensional 

detachments occur at different levels in the continental lithosphere (e.g. Van den Eeckhout et al., 1988; 

Malavieille et al., 1990; Malavieille, 1993; Echtler and Malavieille, 1990; Gautier and Brun, 1994; Van 

den Driessche and Brun, 1991 ). Tectonic processes involving crustal thickening followed by 

extensional collapse and tectonic denudation are thought to be the main geodynamic controls allowing 

the rapid exhumation of deeper crustal material including granulites (e.g Harley, 1989). Textures and 

geometries formed at low crustal levels, as well as related kinematics, have been described from 

high-grade metamorphic core complexes exposed in many orogenic domains ranging in age from 

Archaean to Cenozoic (e.g. Sandiford and Powell , 1986; Lister & Davis, 1989, Lister and Baldwin , 

1993; Kusky, 1991 , 1993; Andersen, 1993; Reinhardt, 1994; Culshaw, 1994; Zhang, 1995; Zegers et al. , 

1998; Blasband, 2000) and provide valuable data on the geodynamic processes that occurred in the 

lower crust during late-orogenic extension and exhumation. 
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As described in the text, domal structures are a common tectonic feature of the lower 

litho-tecton ic domain in the Datong-Huaian granulite terrain. Although the orientation of the D3 

foliation and of the lineation in Zhaojiayao-Liugou area defines several domes (Figs 5.6 & 5.7), most of 

the domes have lost their clear domal shape (Figs 5.9, 5.10 and 5.11 ), probably in response to a 

syntectonic shearing that occurred in both of the shallow and steeply dipping high-strain zone on the 

top of the domes or enveloping them as described by Schwerdtner et al. ( 1979) and Hickman ( 1984). 

Some studies show that a dome is characterized by a low to intermediate PIT metamorphism 

(Thompson eta!. , 1968; Kroner, 1984; Grocott et al. , 1986). This implies that such a dome was formed 

at a mid-crustal level. 

The domal structures at Datong-Huaian are defined by Sgn, which is completely flattened via a 

process of progressive recumbent folding lead ing to transposition (Fig. I 0.2). A new flat laying gneiss 

fo li at ion has resulted in similar internal deformation features (intrafo lial folds etc.) as the gneiss 

layering that was originally domed , and with a lineation distribution pattern that resembles the 

observed patterns (flattened balloon) north of Huaian (see detail s in section 5.3.1 ). Thus the various 

foliation domains, with similar fold sequences and lineations, that can be observed in the Lower TIG 

gneiss unit, could reflect alternating stages of doming-flattening-doming-flattening. The domes 

currently defined by the dominant Sgn, mostly preserve weakly developed recumbent folds along their 

steep flanks and represent the last stages of the wholesale transposition mechanism associated wi th the 

doming that resulted in the upli ft of the high-P granulites. Such an upli ft mechanism may have the 

fo llowing implications: 

I) To allow doming and uplift, material must be removed from above. This probably happened via 

tectonic erosion across a non-coaxial detachment zone preserved at higher structural levels as 

discussed by Lister and Davies ( 1989) and Malavielle eta!. ( 1990). 

2) Flatten ing of the domes would have occurred as the domes were developing, simply because the 

TIG gneisses would be too weak to support vertical fo liations I lithological anomalies at the given 

conditions of 800-1000 °C and 8-14 kbar over which these structures developed. Therefore, actual 

domes causing lateral thermal and grav itational anomalies in the lower crust, were probably limited 

in size. Only after the crust cooled below a certain critical temperature, could the domal structures 

that are now visible be preserved without evolving to a total transposed structure. 

3) It is not impossible that the domal structures actually developed in response to lower crustal 

convection under the influence of vertical thermal gradients. Although we can see material being 

transported upwards (domes, decompression textures etc.), we have no direct evidence for material 

being brought down simultaneously, unless we interpret the synforms between the domes as sags. 

But thi s is not logical since these domains also preserve decompression textures. However, 

multiple corona textures in mafic granu li tes (see Figs 3.4 and 3.6), characterized by several 

alternating stages of garnet growth and garnet break-down, can be interpreted as reflecting 

alternating burial and uplift (or heating and cooling). Since the exact structural relationships of 
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these coronas are as yet not clear, an explanation of cumulative effects of several metamorphic 

episodes is given in this thesis (see details in the last paragraph of section 3.4). 

10.1.5 Interpretation of the geodynamics associated with the extensional decollement 

General characteristics 

Although the orientation of foliations in the granulites of the Oatong-Huaian area is variable 

with respect to the regional structural patterns mentioned above (see Fig. 5.19), the shallowly plunging 

extensional L3siw lineations show a consistent orientation over the entire area (Fig. 6.10). Because this 

lineation is defined by oriented mineral growths and are parallel to F3c fold axes, it is probable that the 

lineation indicates the direction of maximum extension and possibly flow. However, associated fabric 

asymmetries in sections parallel to the lineation that can be used as sense of shear indicators are rare. 

This suggests that either the terrain was not subjected to non-coaxial flow and experienced a large 

component of coaxial flattening during flow, or that kinematic indicators in the granulite facies terrain 

do not develop as well as indicators described in lower grade mylonite zones (e.g. Passchier, 1986, 

1996). 

In the intermediate and upper domains and the steeper high-strain belts of the Oatong-Huaian 

area, a shallowly plunging ( -25°) extensional lineation (L3siw) has a consistant orientation, and is 

parallel to the axes of crenulations and corrugations. Most of the F3c, F3d and F3e fold axes are 

co-linear in outcrop. In the lower domain, two generations of lineations are recognised: an older 

southeastwards steeply plunging lineation (L3stp) associated with a NW-SE trending earlier gneissic 

layering (S2) and which is parallel to the F3a fold axes that folded the S2 gneissic layering with steeply 

plunging fold axes. The second generation of lineations in the lower domain is the regional L3siw 

extension lineation and is characterized by a more shallowly plunging (less 25°) lineation than occurs in 

the intermediate and upper domains. The L3siw in the lower domain have various orientations that can 

be subdivided into two sets: the L3siw lineations related to domal structures are randomly distributed, 

otherwise they are shallowly plunging in SW direction in the areas where they have been highly 

affected by the decollement movement focused on the intermediate domain. It is likely that the L3stp 

lineations are remnants of an early transposed lineation produced by a simultaneously lateral 

compression during an earlier stage of the 03 extension. The randomly distributed lineations within 

domes are probably the result of progressively flattening of the domes during uplift-dominated 

movement. According to the regionally consistent orientation of the L3siw lineations and co-linear 

features over the terrain (see details in section 6.4.2), the L3siw lineations are developed during 

extension-dominated movement and the L3slw is parallel to the 03 transport direction (see discussion in 

Chapter 6). Both lineations are strongly recrystallised in the lower litho-tectonic domain but clearly 

preserved in the intermediate and upper domains. 
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The linear fabrics are dominantly plunging to SW in the intermediate domain, and to WSW in the 

upper domain in the central and western part of the area, and locally to the SE or E in the eastern part. 

It shows that the extensional movement is not constrained to a single direction in the upper domain and 

during the later stages of the 0 3 event. 

Extension, uplift and simultaneous lateral compression 

Structures showing an extensional related uplift are mainly preserved in the lower structural 

domain where the TIG gneiss domes are dominant and the decollement movement is relatively weak. 

Locally, two generations of the lineations are preserved. In this case the steeply plunging 

lineations (L3stpl are commonly fo lded by the open recumbent fo lds with fo ld axes that are parallel to 

the shallowly plunging lineation (L3siw). The presence of the F3a folds, which are subsequently 

overprinted by FJd folds, indicate that a lateral compress ion vertical to the extension direction had 

occurred in the earlier stage and was fo llowed by extension related uplift. Structures like those shown 

in Fig. 5.38 are commonly preserved on outcrop-scale in the centre of the TIG gneiss domal upli ft in 

N Huaian and N Mashikou. It shows that the steeper southwards dipping gneiss layering (S2) was 

folded in response to lateral compression during an earlier stage of the extension. The enveloping plane 

of these fo lds (230/75) is suggested to be the trend of the older structures. These folds were overprinted 

by a secondary fold with a shallow plunging fo ld axis of 200° I 20°, which is co-linear with the mineral 

elongation lineation (L3siw) and parallel to the regional extensional direction. The secondary fo lds, 

therefore, were fo rmed during the extension related uplift. 

Structures formed by extensional decollement and simultaneous lateral compression are well 

developed in the shallow dipping high-strain belts. Fig. 5.80 shows a 3-D view on an outcrop in felsic 

gneiss NE Tianzheng (see also the photo shown in Figure 6.78 ) where crenulation lineations and 

asymmetric fo ld axes are reoriented parallel to the mineral elongation direction on the surface of the S3 

fo liation. On a pl ane normal to the lineation, asymmetric crenulation structures show an effec t of 

contemporaneous compression during extension. 

The extension and uplift process 

It appears that during the exhumation of the high-P granul ites, several proceses occurred 

simultaneously. These include vertical doming, transposition in a horizontal foliation and lateral flow 

within a constrictional environment. All three processes operated simultaneously, but the dominance of 

each process vari ed at different crustal levels (Fig. I 0.3): processes in the lower structural domain were 

dominated by vertical fl ow; i.e. doming and simultaneous transposition (Fig. I 0.2); processes in the 

intermediate and upper domains were dominated by transposition and lateral fl ow. Geometries indicate 

that doming was a complicated process or, maybe, a simple process leading to complicated geometries. 
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The presence of the radial lineations around the domes, the recumbent fo lds along the limb regions of 

the domes, the local procession of these recumbent folds in new transposition fabrics and the renewed 

doming of such transposition fabrics indicate that doming and transposition were dynamic and 

interacting processes during exhumation. The structures are similar to those described for mantled 

gneiss domes (e.g. van dan Eeckhout et al. , 1986), and resemble solid state diapirs simultaneously 

subjected to gravity-driven collapse, i.e. transposition in horizontal fabrics. The radial distribution of 

the lineations around the domes indicate a solid state diapiric origin rather than a fo ld interference 

pattern. Two possible dri ving mechani sms for doming, or di apiric rise, may be: 

I) the existence of gravitational or thermal instabili ties in the hot and very ductile lower crust; 

2) the removal of an overburden, i.e. gravitational coll apse of the middle and upper crust. 

Both processes may have acted simultaneously. Concerning the second mechanism, it is 

important to consider the intermediate and upper structural domains. From the bottom to the top of the 

litho-stratigraphy, the domal structures are gradually transposed within the constant gneissic layering 

that characterises the higher structural domains. Although this gneissic layering is fo lded by open 

upright fo lds, the regional envelope dips shallowly and the lineation is shallow and plunges constantly 

to the SW. This fabric represents a crustal level where lateral flow with sheath fo lding and transposition 

of domal structures is more important. Shear sense indicators suggest that this flow was mainly 

SW-di rected. Overall , the intermediate and upper structural domains may represent the deep crustal 

expression of a low angle detachment zone. Movement on this zone allowed unloading and the rise of 

deeper crustal levels, a process aided by (thermally-driven?) solid state di apiric rise. The occurrence of 

high-P granulites within the intermediate structural domain indicates that rocks passed from the lower 

crustal domain into the intermed iate crustal domain. Decompression melting during this exhumation 

process may account for the larger vol umes of fe lsic material in the structurally higher domai ns. The 

difference in peak-metamorphic pressures between the TTG gneiss of the intermed iate domain and the 

khondalites of the upper domain suggests that, as a direct resul t of extensional flow on the decollement 

zone, deep crustal rocks were exhumed and juxtaposed against shallower crustal rocks. 

The colinearity of fo ld axes and lineation directions in the domains characterised by supposedly 

extensional SW-directed fl ow, can only partly be explained by progress ive rotation of the sheath folds. 

Many open fo lds and crenulati ons are also colinear suggesting lateral compression or fl ow constriction 

in a NW- direction. We can only speculate about the reasons for th is. One possible explanation could be 

that prograde crustal thickening, as ·reflected in the earlier lineation directions, occurred along a 

NW-SE ax is, and that craton margins involved in this process trended parallel to the SW-plunging 

lineation. 
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extens io n 

exhumation 

Figure 10.3 Three dimensional tecton ic model showing simu ltaneously decoll oment, exhumation and lateral compression 
in the lower crust during extension. 

Evidence from outcrop and mapping scale structures provide a geodynamic ex humation model 

fo r the high-P granulites (Fig. 10.3). This process involves unloading of the upper crust across a 

decollement within a constrictional environment, and simultaneous rise of deeper levels underlying the 

decollement. These deeper crustal rocks are progressively transposed as they rise and move into the 

decollement zone. It shows that functions o f decollement, uplift and lateral compression have 

contemporaneously acted during the extension in the lower crust. 

10.2 Conclusion 

It is concluded that the Archaean granulites in Datong-Huaian area have experienced at least 

fo ur major structural events. The peak mineral assemblages in both TTG gneiss and khondalite series 

fo rmed during a second event (D2B.JD 1co, about 2500 Ma ago) and could be associated wi th the 

high-pressure granulite formation and the interleaving ofTTG gneiss and laterally continuous slivers of 

khondalite during an episode of burial and/or crustal thickening. The most dominant structures in this 

area were formed during the D3 event that is related to the pervasive, shallowly SW plunging lineation 

(L3stw) and exhumation of the high-P rocks. This ex humation process may be genetically linked to the 

second event via a process of crustal thickening fo llowed by extensional collapse. 

The P-T calculations based on D3 replacement textures yield peak conditions of around 14 kbar 

at 900 °C with P-T decreasing down to 7-8 kbar at 800 °C during the replacement reaction. This 

163 



implies isothermal decompression from 14 to 7 kbar at 900 to 800 °C. 

During D3 event the Archaean granulites in Datong-Huaian area were strongly d~:~ctilely 

deformed in response to an inhomogenous extensional detachment active in the lower crust. The 

granulites were subsequently exhumed as a result of gravity unloading I uplifting and denudation in the 

late Palaeoproterozoic. Three litho-tectonic domains (Figs. 3. 1 and 10.1) can be recognized by their 

distinct deformation history and kinematic structural patterns that mainly formed during the 

detachment process. The granulites are characterized by gneissic fabrics (Figs 4.2 and 5.19). Foliation 

and lineations within the lower domain were strongly recrystallized and are now random in orientation, 

whilst mineral elongation lineations and fold axes are co-linear and well reoriented in the intermediate 

and upper domains, as well as in the steeper high-strain belts, parallel to the extension direction (see 

the Figures in Chapter 5). Orientation of the associated lineations have constant plunges (25°) and have 

associated sense of shear indicators across the entire terrain. The latter indicate that the hanging walls 

of the detachment were displaced downward to the SW in the intermediate domain and WSW in the 

upper domain (see Fig. 6.10). Microlithons of garnet-bearing high-pressure mafic granulites that 

formed originally in the lowermost crust of the orogeny are now widespread in the lower and 

intermediate domain (Fig. 2.4). Some high angle normal faults present in the eastern part of the central 

dome may represent continuous extension at an upper crustal brittle level. Late open folds and locally 

developed Mesozoic brittle faults did not significantly influence the basement rocks. The present 

deformation geometry and kinematics in the granulites is consistant with the results of petrological and 

palaeomagnetic studies, and result in a ductile extensional detachment and uplifting process which 

occurred in the lower crust during late orogenic extension following crustal thickening. 
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Appendix I 
Abbreviations 

Table I Abbreviations used for minerals in the thesis 

gnt =garnet 

cpx = clinopyroxene 

plag = plagioclase 

fsp = feldspar 

hbl =hornblende 

sill = sillimanite 

rut= rutile 

mt =magnetite 

opx = orthopyroxene 

px = pyroxene 

kf = K-feldspar 

q =quartz 

bi =biotite 

sp =spinel 

ilm = ilmenite 

cord = cordierite 

Table 2 Abbreviations used for metamorphic events and structural elements in the thesis* 

Metamorphic Deformation events Partial melting Foliations 
events (basemenUcover) events (basemenUcover) Lineations 

MO ? 

DIBa ? 

D2Ba/Dl co PM! 
Ml 

S2Ba/Si co Ll co 

D3 PM2 S3, S3' 
L3slp 

L3slw 

M2 D4 PM3 S4 L4 

*for details see Tables 4.1, 5.1 and 5.2 and description in the Chapters 4 and 5 

Where Ba: Basement 

Co: Cover 

stp: Steep 

slw: shallow 

Sgn: gneissic foliation 

S3': shear band cleavage formed during D3 event 

Folds 

F2Ba 

F3a, F3b 
F3c, F3d 

F3e 
FJJ, F3g 

F4 
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Appendix II 
Microprobe analyses and calculations [ 1] 

sample & 208 208 208 208 208 208 208 208 208 208 208 209 209 209 209 
point 7 10 93* 48 6 9 1* 20 21 36 42 87 73 64 78 76 

Mineral Bi Gntin Gnt ilm Opx in Opx Opx in Opx in Plag in Plag Plag in Bi Cpx Hb Kf 
plag matrix plag matrix corona svmpl Gnt matrix svmpl 

Si02 34.79 38.1 9 38.23 0. 17 50.92 51.14 53.53 50.6 47.7 1 45.97 46 37.7 51.43 43.04 63.22 

Ti02 4.19 0.02 0.043 52.78 0.1 3 0.11 3 0.1 0.08 0 0 0.02 5.35 0.28 2.37 0.03 

Al203 13.53 21.43 2 1.54 0 0.76 0.755 1.02 0.89 33.75 35. 13 34.03 13.66 2. 1 10.32 18.71 

FeO 23.8 29.96 30.89 46.4 33 .71 33.60 21.23 32.91 0.22 0 0.51 13.38 9.76 14.22 0.68 

MnO 0 1.1 2 1.002 0.2 1 0.52 0.347 0. 15 0.41 0 0.08 0 O.Q3 0.3 0.14 0.03 

CaO 0.22 6.41 5.839 0 0.57 0.577 10.5 1 0.55 17. 15 18.2 17.83 0 2 1.59 11.47 0 

MgO 10.45 4.06 4.367 0.93 14.43 15 .14 11.77 14.87 0 0 0 14.77 12.9 12.59 0.32 

K20 7.97 0 0 0 0.07 0 0.11 0 0.16 0.1 0.1 4 10 0 1.59 15.89 

Na20 0 0 0.011 0 0.04 0 0.08 0 2.06 1.29 1.04 0.0 1 0.74 1.62 0.34 

Cl 0.34 0.01 0 0.01 0.0 1 0 0 0 0 0 0 0.05 0 0.06 0 

F 0.13 0 0.017 0 0.02 0 0 0.06 0 0.02 0 0.53 0. 1 0.22 0 

Total 95.42 101.2 101.9 100.5 101.1 101.7 98.5 100.3 10 1.0 100.7 99.57 95.48 99.2 97.64 99.22 

Calc Total 95.29 101.2 101.9 100.5 101. 1 101.6 98.5 100.3 101.0 100.7 99.57 95.25 99. 16 97.53 99.22 

OxNum 22 12 12 3 6 6 6 6 8 8 8 22 6 23 8 

Si 5.463 2.983 2.963 0.004 1.979 1.972 2.06 1 1.974 2. 172 2. 103 2.129 5.67 1.93 6.46 2.96 

AI 2.504 1.973 1.968 0 0.035 0.035 0.046 0.041 1.811 1.894 1.857 2.42 0.09 1.83 1.03 

Fe3 0 0.062 0.115 0.014 0.015 0.019 0.028 0 0 0 0 0.12 0 0 

Fe2 3. 125 1.896 1.888 0.953 1.08 1.065 0.684 1.045 0.008 0 0.02 1.68 0.18 1.79 0.03 

Mg 2.446 0.473 0.504 0.035 0.836 0.87 0.676 0.865 0 0 0 3.31 0.72 2.82 0.02 

Ca 0.037 0.537 0.484 0 0.024 0.024 0.434 0.023 0.836 0.892 0.884 0 0.87 1.85 0 

Na 0 0 0.001 0 0.003 0 0.006 0 0. 182 0. 11 4 0.093 0 0.05 0.47 0.03 

K 1.597 0 0 0 0.003 0 0.005 0 0.009 0.006 0.008 1.92 0 0.31 0.95 

Ti 0.495 0.001 0.002 0.989 0.004 0.004 0.003 0.002 0 0 0.001 0.61 O.Ql 0.27 0 

Mn 0 0.074 0.065 0.004 0.017 0.0 11 0.005 0.0 14 0 0.003 0 0 0.01 0.02 0 

F 0.065 0 0.004 0 0.002 0 0 0.007 0 0.003 0 0.25 0.01 0.1 0 

Cl 0.09 0.001 0 0 0.001 0 0 0 0 0 0 0.01 0 0.02 0 

mg 43.90 19.96 21.09 3.5 43.62 44.98 49.70 45.27 0 0 66.31 79.73 61.21 45.62 

Total Cat 15.82 8 8 2 4 4 3.9 19 4 5.018 5.015 4.992 15.88 4 15 .92 5.02 

Ox Equiv 22 12 12 3 6 6 6 6 8 8 8 22 6 23 8 

New Fe203 1.047 1.958 0.765 0.521 0.652 0.965 4.35 

New FeO 29.0 1 29.12 45.71 33.24 33.01 32.04 5.85 

NowQt:Total 101.3 102.1 100.5 101.2 101.7 100.4 99.59 

Reallo Code I 2 2 2 2 2 3 2 I I I I 2 I I 

Albite ? 17.69 11.30 9.467 3.15 

An 81.40 88. 12 89.69 0 

Or 0.904 0.577 0.839 96.85 

En 43.09 44.43 37.68 44.73 40.7 

Fs 55.68 54.34 38. 13 54.07 10.35 

Wo 1.223 1.216 24.18 1.189 48.96 
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Appendix II 
Microprobe analyses and calculations [2] 

sample & 209 209 211 211 211 211 211 211 220 220 220 220 220 305 305 
ooint 65 74 55 29 3 32 90 50 II 76 15 72 23 221 222 

Mineral Opx Plag Bi Cpx ilm Kf Opx Plag Bi Gnt Kf Plag Sp Bi Gnt 

Si02 52.78 60.69 36.49 52.4 0.34 64.71 52.28 52.46 36.1 39.32 63.86 60.24 30.99 36.85 39.56 

Ti02 0.13 0 7.46 0.37 49.62 0 0.08 0 5.88 0.02 0 0 30.53 6.61 0 

Al203 0.85 24.66 12.66 2.52 0 18.86 0.98 3 1.23 14.66 21.77 19 24.9 6.64 14.42 22.09 

FeO 23.66 0.39 19.13 11.72 49.9 0.26 28.02 0.25 16.86 29.32 0 0.69 1.03 12.99 28.17 

MnO 0.7 0 0.04 0.25 0.35 0.05 0.43 0.01 0.03 0.72 0 0 0.03 0 0.57 

CaO 0.49 6.28 0 22.25 0 0 0.51 13.71 0.11 1.7 0 6.27 28.99 0 1.34 

MgO 21.39 0 11.57 12.12 0.58 0 19.24 0 12.85 9.28 0 0 0 14.46 9.43 

K20 0.16 0.6 9.95 0 0 15.78 0 0.25 10.2 0 16.5 0.76 0 10.03 0 

Na20 0.0 1 7.94 0.05 0.36 0 0.24 0 2.67 0.04 0.04 0.64 7.63 0 0.08 0.01 

Cl 0 0 0.12 0.03 

F 0.01 0 1.41 0 

Total 100.1 100.5 97.35 101.9 100.7 99.9 101.5 100.5 96.74 102. 1 100 100.4 98.2 1 96.97 101.2 

Calc Total 100. 1 100.5 97.35 101.9 100.7 99.9 101.5 100.5 96.73 102.1 100 100.4 98.21 96.35 101.1 

OxNum 6 8 22 6 3 8 6 8 22 12 8 8 20 22 12 

Si 1.97 2.7 5.489 1.936 0.008 2.987 1.963 2.361 5.406 2.972 2.962 2.682 4.089 5.564 3.008 

AI 0.04 1.29 2.244 0. 11 0 1.026 0.043 1.656 2.588 1.939 1.039 1.307 1.033 2.566 1.98 

Fe3 0.02 0 0 0.024 0.13 0 0.026 0 0 0.121 0 0 0 0 0.017 

Fe2 0.72 0.01 2.406 0.339 0.906 0.01 0.854 0.009 2.112 1.732 0 0.026 0.114 1.64 1.775 

Mg 1.19 0 2.595 0.668 0.021 0 1.077 0 2.869 1.046 0 0 0 3.255 1.069 

Ca 0.02 0.3 0 0.881 0 0 0.021 0.661 0.018 0.138 0 0.299 4.098 0 0.109 

Na 0 0.68 O.QI5 0.026 0 0.021 0 0.233 0.012 0.006 0.058 0.659 0 0.023 0.001 

K 0.01 0.03 1.909 0 0 0.929 0 0.014 1.949 0 0.976 0.043 0 1.932 0 

Ti 0 0 0.844 0.01 0.927 0 0.002 0 0.662 0.001 0 0 3.029 0.751 0 

Mn 0.02 0 0.005 0.008 0.007 0.002 0.014 0 0.004 0.046 0 0 0.003 0 0.037 

F 0 0 0.673 0 

Cl 0 0 0.03 1 0.004 

mg 62.3 0 51.88 66.35 2.315 0 55.77 0 57.60 37.64 0 0 66.49 37.58 

Total Cat 4 5.02 15.50 4 2 4.976 4 4.935 15.61 8 5.035 5.015 12.36 16.43 8 

Ox Equiv 6 8 22 6 3 8 6 8 22 12 8 8 20 22 12 

New Fe203 0.65 0.849 6.96 0.912 2.135 0.289 

NewFeO 23.08 10.95 43.63 27.19 27.39 27.91 

l'ewOt: Total 100.2 102.0 101.4 101.6 102.3 101.2 

Reallo Code 2 I I 2 2 I 2 I I 2 I I I I 2 

Albite 67.26 2.259 25.64 5.567 65.80 

An 29.4 0 72.77 0 29.88 

Or 3.34 97.74 1.58 94.43 4.313 

En 61.67 35.37 55.18 

Fs 37.32 17.94 43.76 

Wo 1.02 46.67 1.051 
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Appendix IT 
Microprobe analyses and calculations [3] 

sample& 305 309 309 309 309 309 3 13 3 13 313 313 325-0 325-0 325-0 325-0 325-0 
point 74 54 26 21 49 44 14 74 42 198 79 76 81 80 75 

Mineral Kf Cpx Hb ilm Opx Plag Gnt Kf Plag Sill 
Cpx Cpx in Gnt Gnt Hbin 

inGnt svmpl rim centre svmpl 

Si02 66.04 52.7 1 42.00 0.36 52.2 51.07 39.79 63.9 59.65 37. 18 53.83 51.34 39.06 39.26 43.49 

Ti02 0,07 0.12 2.390 49.92 0.07 0.000 0 0 0 0.02 0 0.27 0 0.08 1.32 

Al203 18.63 1.15 11.32 0.7 0.98 30.80 22.58 18.57 25.43 62.77 1.7 3.85 2 1.79 2 1.65 11.75 

FeO 0.17 9.74 15.6 1 47.88 25. 16 0.240 26.99 0 0 0.26 12.27 10.46 26.39 23 .3 14.05 

MnO 0 0.43 0.320 1.9 1 1.1 0.030 0.23 O.o3 0 0.04 0.26 0.3 1 1.78 1.03 0.15 

CaO 0 22.46 11.40 0 0.39 13.7 1 1.19 0 7.43 0 12.44 22.01 6.16 9.64 11.29 

MgO 0 13.63 10.69 0.99 19.96 0.000 10.68 0 0 0 15.98 11.72 6.22 5.89 13.02 

K20 15.66 0 1.54 0.07 0 0.25 0.08 16.88 0.11 0 0 0 0 0 0.95 

Na20 0.43 0.28 1.7 1 0 0 3.61 0.01 0.35 7.72 0 0.2 0.6 1 0 0 2.29 

Cl 0 0.01 0.08 0 0 0.01 0.0 1 0 O.ol 0 0 0 0 O.ol O.ol 
F 0 0 0.5 0 0.07 0.02 0.05 0.08 0.02 0 0.49 0 0 0 0.69 

Total 10 1 100.5 97.56 101.8 99.93 99.74 10 1.6 99.8 1 100.3 100.2 97. 17 100.57 10 1.4 100.86 99.0 1 

Calc Total 101 100.5 97.33 101.8 99.9 99.73 101.5 99.78 100.3 100.2 96.96 100.57 101.4 100.86 98.72 

OxNum 8 6 23 3 6 8 12 8 8 20 6 6 12 12 23 

Si 3.007 1.96 6.4 0.0 1 1.97 2.330 2.98 2.98 2.66 4.0 1 2.04 1.9 1 3 3.01 6.46 

AI I 0.05 2.03 0.02 0.04 1.660 2 1.02 1.33 7.97 0.08 0.17 1.97 1.96 2.06 

Fe3 0 0.05 0 0. 13 0,03 0.000 0.08 0 0 0 0.03 0.03 O.o3 0.02 0 

Fe2 0.006 0.26 1.99 0.85 0.77 0.010 1.61 0 0 0,02 0.36 0.29 1.67 1.48 1.75 

Mg 0 0.76 2.43 0.04 1.13 0.000 1.1 9 0 0 0 0.9 0.65 0.71 0.67 2.88 

Ca 0 0.9 1.86 0 0.02 0.670 0.1 0 0.35 0 0.51 0.88 0.51 0.79 1.8 

Na 0.038 0.02 0.51 0 0 0.32 0 0.03 0.67 0 0.02 0.04 0 0 0.66 

K 0.91 0 0.3 0 0 0,02 O.oJ I 0.01 0 0 0 0 0 0.18 

Ti 0.002 0 0.27 0.92 0 0.000 0 0 0 0 0 0.01 0 0.01 0.15 

Mn 0 O.oJ 0.04 0.04 0.04 0.000 0.02 0 0 0 O.ol O.ol 0. 12 0.07 0.02 

F 0 0 0.24 0 0.01 0 0.01 0.0 1 0 0 0.06 0 0 0 0.32 

Cl 0 0 0.02 0 0 0 0 0 0 0 0 0 0 0 0 

mg 0 3.37 54.97 74.66 0.00 42.6 0 71.52 68.97 29.96 31.3 62.29 

Total Cat 4.964 4 16.1 2 4 5.0 1 8 5.05 5.02 12.0 1 4 4 8 8 16.27 

Ox Equiv 8 6 23 3 6 8 12 8 8 20 6 6 12 12 23 

New Fe203 1.66 7. 19 1.04 1.48 1.03 1.18 0.52 0.29 

New FeO 8.25 4 1.4 1 24.23 25.66 11.34 9.4 25.92 23.04 

l'b.vot: Total 100.6 102.5 100 101.7 97.07 100.69 101.45 100.89 

Reallo Code I 2 I 2 2 I 2 I I I 2 2 2 2 I 

Albite 4.006 31.8 3.06 64.88 

An 0 66.75 0 34.5 1 

Or 95.99 1.45 96.95 0.6 1 

En 39.62 59 51.08 35.72 

Fs 13.45 40.17 20.34 16.07 

Wo 46.93 0.83 28.58 48.21 
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Appendix II 
Microprobe analyses and calculations [4] 

sample & 325-0 325-0 325-0 325- 1 325-1 325- 1 325-1 325- 1 325- 1 325-1 325-1 325- 1 325-1 325- 1 325- lb 
point 80 82 78 236 252 267 264 79 244 27 1 259 78 274 273 45 

Mineral Opx Opx in Plag Bi Cpx Cpx Gnt 
il m 

Opx Opx Opx in Plag Plag Plag Cpx 
in Gnt svmo in Gnt matrix in Gnt matrix matrix inGnt matrix svmo in Gnt matrix corona in Gnt 

Si02 52.09 52.03 52.4 1 38.06 50.49 50.47 38.7 0.2 1 51.96 50.11 50.6 54.32 55.85 54.77 51.15 

Ti02 0.12 0.05 0 5.74 0.47 0.63 0.08 49.72 0.12 0.1 3 0.12 0 0 0 0.52 

Al203 1.57 1.9 1 30. 12 13.71 3.43 4.08 21.6 0 1.91 1.74 1.33 28.9 27.59 28.73 3.53 

FeO 27.43 24.22 0.22 16.06 10.9 12.64 26.37 48.63 25.75 29.82 28.92 0 0.24 0.63 II. I 

MnO 0.54 0.52 0.0 1 0 0. 13 0.1 3 0.97 1.25 0.32 0.41 0.44 0 0 0 0.12 

CaO 0.46 0.43 12.77 0 21.9 1 21.24 6.24 0 0.78 0.93 0.73 11.78 10.52 10.76 2 1.69 

MgO 19.73 20.94 0 14.16 12.42 11.11 6.96 0 20.44 17.39 18.09 0 0 0 12.82 

K20 0 0 0.13 9.82 0 0 0 0 0.06 0 0 0.3 0.28 0.45 0 

Na20 0.04 0 4.37 0.09 0.53 0.62 0 0 0.03 0.05 0.05 5.04 5.7 4.99 0.4 

Cl 0 0 0 O.Q7 0 0.02 0.01 0 0.01 0.04 0.04 0 0 0.02 0 

F 0 0.0 1 0 0.19 0.2 0 0 0 0 0 0 0 0.04 0.08 0 

Total 101.9 100. 1 100.0 97.9 100.4 100.9 100.9 99.8 1 101.38 100.63 100.3 1 100.34 100.2 1 100.42 101.3 

Calc Total 101.98 100.11 100.03 97.8 100.4 100.94 100.93 99.8 1 101.38 100.6 1 100.3 1 100.34 100.2 100.39 101.33 

OxNum 6 6 8 22 6 6 12 3 6 6 6 8 8 8 6 

Si 1.94 1.95 2.38 5.6 1.874 1.887 2.972 0.005 1.932 1.916 1.933 2.449 2.5 16 2.47 1.89 

AI 0.07 0.08 1.61 2.377 0. 15 0.18 1.955 0 0.084 0.078 0.06 1.536 1.465 1.527 0.15 

Fe3 0.05 0.02 0 0 0. 184 0.06 0.096 0.1 04 0.052 0.094 0.08 0 0 0 0.07 

Fe2 0.81 0.74 0.01 1.976 0.1 54 0.336 1.598 0.92 1 0.749 0.859 0.844 0 0.009 0.024 0.28 

Mg 1.1 1.17 0 3. 106 0.687 0.619 0.797 0 1.1 33 0.99 1 1.03 0 0 0 0.7 1 

Ca 0.02 0.02 0.62 0 0.871 0.851 0.513 0 0.031 0.038 0.03 0.569 0.508 0.52 0.86 

Na 0 0 0.39 0.026 0.038 0.045 0 0 0.002 0.004 0.004 0.441 0.498 0.436 0.03 

K 0 0 0.01 1.843 0 0 0 0 0.003 0 0 0.017 0.0 16 0.026 0 

Ti 0 0 0 0.635 0.0 13 0.018 0.005 0.943 0.003 0.004 0.003 0 0 0 0.01 

Mn 0.02 0.02 0 0 0.004 0.004 0.063 0.027 0.01 0.013 0.014 0 0 0 0 

F 0 0 0 0.088 0.023 0 0 0 0 0 0 0 0.006 0.011 0 

Cl 0 0 0 0.0 17 0 0.001 0.001 0 0.001 0.003 0.003 0 0 0.002 0 
mg 57.59 6 1.1 6 0 61.11 8 1.66 64.85 33.27 0 60.2 14 53.565 ?54.95 0 0 7 1.72 

Total Cat 4 4 5.01 15.669 4 4 8 2 4 4 4 5.012 5.017 5.017 4 

Ox Equiv 6 6 8 22 6 6 12 3 6 6 6 8 8 8 6 

New 
1.7 0.58 6.589 2.1 22 1.653 5.486 1.861 3.275 2.769 2.32 f'p'J01 

NewFeO 25.9 23.7 4.97 1 10.73 24.882 43.69 24.076 26.873 26.428 9.0 1 

New Calc 
102. 15 100.16 101.06 101.15 101.09 100.4 101.56 100.94 100.59 101.56 

Tnt ~ l 

Reallo 
2 2 I I 2 2 2 2 2 2 2 I I I 2 r<VJp 

Albite 37.96 42.904 48.728 44.426 

An 61.3 55.415 49.697 52.938 

Or 0.74 1.68 1.575 2.636 

En 57.04 60.62 40.12 34.29 59.235 52.485 54.097 38.3 1 

Fs 42.0 1 38.49 9.009 18.58 39.1 4 45.498 44.335 15.11 

Wo 0.96 0.9 50.86 47.12 1.625 2.0 17 1.569 46.58 
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Appendix II 
Microprobe analyses and calculations [5] 

sample & 325-lb 325-lb 325- lb 325-lb 325-lb 325-lb 325-lb 325-lb 325-lb 325-lb 325-lb 325-lb 325- lb 
point 59 23 69 26 55 64 31 50 28 70 63 43 36 

Mineral 
Cpx Gnt Hb in Hb Hb Hbin 

ilm Kf 
Opx Opx Opx in Plag Plag 

matrix matrix corona inGot matrix svmo inGot matrix svmo inGot matrix 

Si02 49.06 39.32 41.82 40.82 41.87 41.1 0.21 47.32 51.94 50.45 52.26 47.92 39.26 

Ti02 0.75 0.05 1.9 3 2.67 2.67 50.48 0 0.25 0.18 0.1 0.03 0.02 

Al203 5.42 21.35 13.02 13.15 13.43 13 0 36.35 2.66 2.55 1.62 33.18 3 1.27 

FeO 12.47 26.3 13.87 11.8 14.13 14.42 46.94 1.58 25.06 26.91 26.64 0.19 3.1 3 

MnO 0.09 0.79 0.09 0.1 0.09 0.1 2.76 0 0.19 0.34 0.28 0 0 

CaO 20.99 6.65 11.85 11.75 11.22 11 .57 0.1 0 0.69 1.83 0.39 16.44 24.28 

MgO 10.86 6.96 11.97 12.15 11.14 11.13 0 0.33 20.76 17.89 19.86 0 0.1 3 

K20 0 0 1.88 1.52 1.82 2.26 0 11 .5 0 0 0 0.08 0.1 7 

Na20 0.47 0.03 1.97 2.2 1.94 1.91 0.03 0.05 0.03 0.09 0.03 2.24 0 

Cl 0.01 0 0.02 0.04 0.02 0.04 0 0 0 0 0 0 0 

F 0 0.11 1.24 1.22 0.85 0.83 0 0.01 0 0 0 0 0 

Total 100.12 101.56 99.63 97.75 99.18 99.03 100.52 97.14 101.58 100.24 101.1 8 100.08 98.26 

Calc Total 100.12 101.51 99.1 97.23 98.82 98.67 100.52 97.14 101.58 100.24 101.18 100.08 98.26 

OxNum 6 12 23 23 23 23 3 8 6 6 6 8 8 

Si 1.85 2.99 6.29 6.21 6.27 6.21 0.01 2.25 1.92 1.92 1.96 2.2 1.93 

AI 0.24 1.92 2.3 1 2.36 2.37 2.31 0 2.04 0.12 0.11 O.D7 1.79 1.81 

Fe3 0.06 0.18 0 0 0 0 0.09 0 0.03 0.05 0.01 0 0 

Fe2 0.34 1.5 1.75 1.5 1.77 1.82 0.89 0.06 0.75 0.81 0.82 0.01 0.13 

Mg 0.61 0.79 2.69 2.76 2.49 2.51 0 0.02 1.15 1.01 1.11 0 0.01 

Ca 0.85 0.54 1.91 1.92 1.8 1.87 0 0 0.03 0.08 0.02 0.81 1.28 

Na 0.03 0 0.58 0.65 0.56 0.56 0 0.01 0 0.01 0 0.2 0 

K 0 0 0.36 0.3 0.35 0.44 0 0.7 0 0 0 0.01 0.01 

Ti 0.02 0 0.22 0.34 0.3 0.3 0.95 0 0.01 0.01 0 0 0 

Mn 0 0.05 0.01 0.01 0.01 0.01 0.06 0 0.01 0.01 0.01 0 0 

F 0 0.03 0.59 0.59 0.4 0.4 0 0 0 0 0 0 0 

Cl 0 0 0.01 0.01 0.01 0.01 0 0 0 0 0 0 0 

mg 64.33 34.52 60.61 64.73 58.43 57.91 0 27 .1 3 60.55 55.58 57.42 0 6.89 

Total Cat 4 8 16.7 16.64 16.32 16.44 2 5.08 4 4 4 5.01 5.17 

Ox Equiv 6 12 23 23 23 23 3 8 6 6 6 8 8 

New Fe203 1.93 3.08 4.85 1.06 1.58 0.43 

NewFeO 10.74 23.53 42.58 24.11 25.49 26.25 

Newot:Total 100.31 101.82 101.01 101.69 100.4 101.22 

Reallo Code 2 2 I 1 I 1 2 I 2 2 2 I I 

Albite 0.66 19.69 0 

An 0 79.85 99.17 

Or 99.34 0.46 0.83 

En 33.97 59.69 53.4 56.96 

Fs 18.84 38.89 42.68 42.24 

Wo 47.19 1.43 3.93 0.8 
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Appendix II 
Microprobe analyses and calculations [6] 

sample & 330 330 330 330 330 330 330 334 334 334 334 335 335 335 
ooint II 5 14 16 20 3 19 102 106 108 105 24 44 54 

Mineral Bi Cpx Hb ilm Kf Opx Plag Cpx Hb Opx Plag Bi Gnt ilm 

Si02 38. 12 52.38 43.18 0.24 64.07 52.99 61.04 52.27 43.1 51.94 55.75 35.56 39.08 0.11 

Ti02 5.72 0.3 2.17 43. 19 0.02 0.08 0 0.23 2.42 0.15 0.02 6.72 0.1 48.69 

Al203 13.12 2.12 10.47 0 18.84 0.76 24.41 2.12 11.04 1.35 28.02 14.28 2 1.85 0 

FeO 14.79 10.74 14.67 55.02 0 25.27 0.19 10.84 15.09 27.43 0.21 18.44 28.56 49.73 

MnO 0.08 0. 13 0.09 0.48 0 0.49 0 0.22 0.08 0.5 0 0.01 1.07 0.17 

CaO 0 22.29 11.78 0 0.17 0.52 6.42 21.98 12.08 0.58 10.3 0 3.09 0 

MgO 15.06 12.49 12.8 0 0 20.69 0 12.9 11.76 20.05 0 11.23 8.12 1.41 

K20 9.48 0.06 1.93 0 15.65 0 0.86 0.11 1.87 0 0.35 9.62 0 0 

Na20 0.23 0.69 1.51 0.04 0.92 0 7.55 0.38 1.37 0 5.82 0.07 0.01 0 

Cl 0.28 0 0.45 0 0.02 0 0 0 0 0 0 0.71 0 0 

F 1.27 0.07 0.65 0 0 0.07 0 0 0 0 0 0.75 0 0 

Total 98. 15 101.27 99.71 98.96 99.69 100.88 100.47 101.05 98.82 101.99 100.46 97.39 101.87 100.1 

Calc Total 97.55 101.24 99.33 98.97 99.69 100.84 100.47 101.05 98.81 102 100.47 96.9 1 101.88 100. 11 

OxNurn 22 6 23 3 8 6 8 6 23 6 8 22 12 3 

Si 5.707 1.934 6.471 0.006 2.97 1 1.979 2.7 11 1.939 6.394 1.932 2.504 5.468 2.974 0.003 

AI 2.3 15 0.092 1.849 0 1.03 0.033 1.278 0.093 1.93 0.059 1.483 2.588 1.96 0 

Fe3 0 0.1 0 0.35 0 0.029 0 0.05 0 0.068 0 0 0.08 0.18 

Fe2 1.852 0.232 1.839 0.8 12 0 0.76 0.007 0.286 1.872 0.786 0.008 2.372 1.734 0.856 

Mg 3.36 1 0.688 2.86 0 0 1.152 0 0.713 2.601 1.112 0 2.575 0.921 0.052 

Ca 0 0.882 1.892 0 0.008 0.021 0.305 0.873 1.92 0.023 0.496 0 0.252 0 

Na 0.067 0.049 0.439 0.002 0.083 0 0.65 0.027 0.394 0 0.507 0.021 0.001 0 

K 1.8 11 0.003 0.369 0 0.926 0 0.049 0.005 0.354 0 0.02 1.887 0 0 

Ti 0.644 0.008 0.245 0.82 0.001 0.002 0 0.006 0.27 0.004 0.001 0.777 0.006 0.909 

Mn 0.01 0.004 0.011 0.01 0 0.015 0 0.007 0.01 0.016 0 0.001 0.069 0.004 

F 0.601 0.008 0.308 0 0 0.008 0 0 0 0 0 0.365 0 0 

Cl 0.071 0 0.114 0 0.002 0 0 0 0 0 0 0.185 0 0 

mg 64.478 74.782 60.867 0 60.252 0 71.353 58.145 58.6 0 52.052 34.686 5.746 

Total Cat 16.439 4 16.397 2 5.02 4 5 4 16 4 5 16.239 8 2 

Ox Eq uiv 22 6 23 3 8 6 8 6 23 6 8 22 12 3 

New Fe203 3.592 18.4 12 1.044 1.787 2.422 1.449 9.448 

New FeO 7.508 38.452 24.331 9.232 25.251 27.256 41.228 

New Calc Total 101.6 100.81 100.95 101.23 102.24 102.03 101.06 

Reallo Code I 2 I 2 I 2 I 2 I 2 I I 2 2 

Albite 8.133 64.731 49.565 

An 0.831 30.4 17 48.474 

Or 9 1.036 4.852 1.961 

En 38.1 7 59.603 38.08 57.894 

Fs 12.872 39.32 15.288 40.902 

Wo 48.958 1.077 46.632 1.204 
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Appendix II 
Microprobe analyses and calculations [7] 

sample & 335 335 335 337 337 337 337 337 338 338 338 338 338 338 338 
point 25 53 45 4 9 6 13 7 39 19 11 3 56 37 49 5 1 

M ineral Kf Opx Plag Bi Cpx Hb Opx Plag Bi Cpx Gnt ilm Kf Opx Plag 

Si02 63.07 50.94 56.68 37.55 50.38 42.06 51.86 55.64 37.14 52.38 43.76 0.17 66.68 51.83 57.46 

Ti02 0.03 0. 12 0.03 5.82 0.4 2.55 0.1 0 5.17 0.38 0 48.31 0 0.12 0 

Al203 19.1 3.59 27.78 13.08 2.7 11.47 0.79 27.68 13.69 1.85 26.77 0 18.95 1. 18 26.67 

FeO 0 25.39 0.5 15.99 11.8 17.03 27.22 0.24 15.65 10.6 16.64 50.44 0.25 27.42 0.22 

MnO 0 0.28 0.04 0 0.3 0.18 0.75 0 0 0.25 0.12 1.03 0 0.56 0 

CaO 0 0.26 9.68 0 20.2 11 .25 0.52 10.63 0 .26 23.09 8.07 0 0.3 0.82 9.07 

MgO 0 21.34 0 14 .03 12.8 10.96 18.89 0 14.31 13 2.74 0 0 19.88 0 

K20 16. 19 0.13 0.29 10.21 0.1 2.06 0.14 0.46 9.73 0 0. 11 0 13.29 0 0.39 

Na20 0.31 0 5.94 0.09 0.55 1.55 0 5.49 0 0.36 2.05 0 0.27 0.01 6. 16 

Cl 0.01 0 0 0. 12 0 .01 0. 16 0 0 0.14 0.0 1 0. 1 0 0.45 0.02 0.0 1 

F 0 0 0.07 1.4 0 0.46 0.01 0.04 1.28 0 0.02 0 0 0.09 0 

Total 98 .7 1 102.0 101.0 98.29 99.24 99.73 100.2 100.1 97.38 101.9 100.3 99.95 100. 1 101.9 99.97 

Calc Total 98 .7 1 102.0 100.9 97.67 99.24 99.5 100.2 100.1 96.8 101.9 100.3 99.95 100.0 101.8 99.98 

OxNum 8 6 8 22 6 23 6 8 22 6 12 3 8 6 8 

Si 2.958 1.87 2.531 5.68 1.9 6.32 1.97 2.51 5.63 1.93 3.2 1 0 3.04 1.93 2.58 

Al 1.056 0.155 1.462 2.33 0.1 2 2.03 0.04 1.47 2.45 0.08 2.32 0 1.02 0.05 1.41 

Fe3 0 0.1 1 0 0 0.1 0 0.03 0 0 0.07 0 0.1 7 0 0. 12 0 

Fe2 0 0.674 0.019 2.02 0.27 2. 14 0.84 0.01 1.99 0.25 1.02 0.9 0 .01 0.73 0.01 

Mg 0 1.168 0 3. 16 0.72 2.46 1.07 0 3.24 0.71 0.3 0 0 1.1 0 

Ca 0 0.01 0.463 0 0.82 1.8 1 0.02 0.51 0.04 0.9 1 0.63 0 0.02 0.03 0.44 

Na 0.028 0 0.514 0.03 0.04 0.45 0 0.48 0 0.03 0.29 0 0.02 0 0.54 

K 0.969 0.006 0.017 1.97 0.0 1 0.4 0.01 0.03 1.88 0 0.0 1 0 0.77 0 0.02 

Ti 0.00 1 0.003 0.001 0.66 0.0 1 0.29 0 0 0.59 0.0 1 0 0 .9 1 0 0 0 

Mn 0 0.009 0.002 0 0.01 0.02 0.02 0 0 0.01 0.01 0.02 0 0.02 0 

F 0 0 0.0 1 0.67 0 0.22 0 O.Ql 0 .61 0 0.01 0 0 O.Ql 0 

Cl 0.001 0 0 0.03 0 0 .04 0 0 0 .04 0 0.01 0 0.04 0 0 

mg 63.39 0 6 1 72.48 53.43 56.03 0 61.98 73.83 22.69 0 0 60. 17 0 

Total Cat 5.0 13 4 5.01 8 16.55 4 16.18 4 5.02 16.47 4 7.81 2 4.91 4 5 

Ox Equiv 8 6 8 22 6 23 6 8 22 6 12 3 8 6 8 

New Fe203 3.806 3.49 0.89 2.65 8.71 4.4 

New FeO 21.96 8.66 26.42 8.22 42.6 23.46 

New Calc Total 102.4 99.59 100.3 102.1 100.8 102.3 

Reallo Code l 2 I l 2 l 2 l l 2 3 2 l 2 I 

Albite 2.828 51.74 47.06 2.94 53.9 

An 0 46.59 50.35 1.81 43.86 

Or 97 .1 7 1.662 2.59 95.25 2.25 

En 63.04 39.78 55.42 38.01 59.1 2 

Fs 36.40 15. 1 43.49 13.47 39.13 

Wo 0.552 45. 12 1.1 48.52 1.75 
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Appendix II 
Microprobe analyses and calculations [8] 

sample & 340 340 340 340 340 340 340 345 345 345 345 345 345 
point 84 85 74 61 65 76 63 64 7 1 2 12 135 56 133 

Mineral Bi Cpx Hb ilm Kf Opx Plag Bi Gnt ilm Kf Opx Plag 

Si02 37.76 50.77 41.62 0.13 63.84 51.4 57.42 37.55 38.55 0.34 64.3 50.47 59.37 

Ti02 4.5 0.33 2.35 49.41 0.02 0.07 0 5.92 0 48.07 0.02 0.13 0.02 

Al203 13.86 2.3 12.03 0 18.59 1.37 26.75 13.71 2 1.43 0 18.48 3.28 25.57 

FeO 13.26 14.43 15.67 49.04 0.4 1 27.73 0.25 17.5 1 30.85 50.38 0.48 28.65 0 

MnO 0.1 0.4 0.17 1. 16 0.06 0.74 0.03 0.08 1.72 0.46 0.06 0.52 0.0 1 

CaO 0.55 18.3 11.88 0 0. 15 0.72 9.58 0 3.29 0 0 0.34 7.59 

MgO 16.25 13.07 11.56 0.53 0 19.33 0 11.69 6.28 1.01 0 17.84 0 

K20 6.07 0 2. 16 0 15.44 0 0.46 9.48 0.07 0 17.08 0 0.47 

Na20 0.09 0.43 1.54 0.04 0.5 0 6.43 0.05 0.0 1 0 0.24 0.03 6.89 

Cl 0.28 0 0.22 0 0 0.02 0.0 1 0.2 1 0.0 1 0.03 0 0 0. 14 

F 1.11 0 0.6 1 0 0 0.03 0 0 0 0.06 0 0 0.05 

Total 93.83 100.02 99.8 1 100.31 99.0 1 101.4 1 100.94 96.2 102.22 100.35 100.66 101.26 100.11 

Calc Total 93.3 100.03 99.5 100.3 1 99.0 1 101.39 100.93 96.15 102.21 100.32 100.66 101.26 100.06 

OxNum 22 6 23 3 8 6 8 22 12 3 8 6 8 

Si 5.74 1.92 6.26 0 2.98 1.93 2.56 5.647 2.963 0.008 2.975 1.907 2.655 

AI 2.48 0.1 2.1 3 0 1.02 0.06 1.41 2.43 1.941 0 1.008 0. 146 1.348 

Fe3 0 0.08 0 0.14 0 0.09 0 0 0. 144 0.2 11 0 0.034 0 

Fe2 1.69 0.37 1.97 0.88 0.02 0.78 0.0 1 2.202 1.839 0.833 0.0 19 0.87 1 0 

Mg 3.68 0.74 2.59 0.02 0 1.08 0 2.62 1 0.72 0.037 0 1.005 0 

Ca 0.09 0.74 1.91 0 0.01 0.03 0.46 0 0.27 1 0 0 0.0 14 0.364 

Na 0.03 0.03 0.45 0 0.05 0 0.56 0.0 15 0.001 0 0.022 0.002 0.597 

K 1.1 8 0 0.41 0 0.92 0 0.03 1.8 19 0.007 0 1.008 0 0.027 

Ti 0.51 0.01 0.27 0.93 0 0 0 0.669 0 0.895 0.001 0.004 0.00 1 

Mn 0.0 1 0.0 1 0.02 0.03 0 0.02 0 0.0 1 0. 11 2 0.0 1 0.002 0.0 17 0 

F 0.53 0 0.29 0 0 0 0 0 0 0.005 0 0 0.007 

CI 0.07 0 0.06 0 0 0 0 0.054 0.001 0.00 1 0 0 0.01 1 

mg 68.6 66.26 56.8 2.19 0 58.1 7 0 54.34 28. 129 4.285 0 53.57 

Total Cat 16.02 4 16.36 2 4.99 4 5.03 15.466 8 2 5.035 4 5.009 

Ox Equiv 22 6 23 3 8 6 8 22 12 3 8 6 8 

New Fe203 2.85 7.51 3.28 2.497 11.297 1.208 

NewFeO 11.86 42.28 24.78 28.603 40.2 15 27.563 

New Calc Total 100.32 10 1.06 101.72 102.46 10 1.45 10 1.38 

Reallo Code l 2 I 2 I 2 l I 2 2 I 2 I 

Albite 4.66 53.47 2.09 1 60.473 

An 0.77 44.02 0 36.813 

Or 94.57 2.52 97.909 2.7 14 

En 39.76 57.28 53. 18 

Fs 20.24 4 1.1 9 46.092 

Wo 40.0 1 1.53 0.728 
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Appendix III 
Microprobe analyses for other samples [ 1] 

Sample Point Mineral SI02 TI02 AL203 FEO MNO CAO MGO K20 NA20 CL F Total 

I 139 Bi 38.55 5.04 13.76 9.78 0.03 0 18.32 10.95 0 0 1.62 98.05 

I 131 Cpx 51.54 0.28 2.44 11.23 0.1 8 2 1.73 12.44 0 0.61 0 0 100.45 

I 130 Hb 42.42 2.05 10.56 14.56 0.08 11.6 12.07 1.77 1.5 0.05 0.63 97.29 

I 145 Kf 62.55 0 18.5 0.24 0 0.17 0 16.7 1 0.34 0 0.06 98.57 

I 134 Opx 5 1.77 0.07 0.89 27.09 0.53 0.62 19.42 0 0.01 0 0.1 100.50 

I 140 Plag 58.9 0 26.72 0 0 8.35 0 0.46 6.63 0 0 101.06 

2 162 Bi 37. 18 4.35 13.70 11.40 0.06 0.00 17.14 10.52 0.00 0.09 1.18 95 .62 

2 !53 Hb 4 1.1 2 2.32 11.07 15.71 0.08 11.29 11.18 1.89 1.35 0.13 0.52 96.66 

2 152 Kf 62.66 0.00 18.89 0.00 0.05 0. 13 0.00 15.92 0.6 1 0.00 0.00 98.26 

2 160 Opx 5 1.84 0.08 1.08 26.3 1 0.68 0.73 19.62 0.00 0.0 1 0.00 0.00 100.35 

2 150 Plag 59.50 0.02 25.39 0.14 0.00 7.33 0.00 0.66 6.96 0.00 0.09 100.09 

37 137 Bi 38.79 5.69 13.04 8.74 0.04 0.00 18.44 9.99 0.05 0 .1 9 1.46 96.43 

37 I ll Cord 49.03 0.00 37.1 3 2.17 0.00 0.53 0.96 3.36 0.08 0.00 0.15 93.41 

37 124 Gnt 39. 17 0.00 22.20 29.55 0.36 0.85 8.24 0.00 0.04 0.00 0.04 100.45 

37 114 Kf 65.29 0.03 18.97 0.13 0.04 0.36 0.00 13.58 2.63 0.00 0.00 10 1.03 

37 115 Na-f 69. 17 0.05 19.3 1 0.24 0.00 0.21 0.00 0.69 9.98 0.00 O.DI 99.66 

37 11 7 Plag 62.94 0.03 24.7 1 0.24 0.00 5.22 0.00 0. 10 8.22 0.00 0.00 101.46 

37 128 Si ll 36.73 0.08 62.50 0.33 0.04 0.00 0.00 0.07 0.01 0.00 0.00 99.76 

43 -72 Bi 37.74 3.07 13.9 1 11.05 0.00 0. 17 17.46 10.29 0.05 0.07 3. 16 96.97 

43 85 Gnt 38.57 0.03 2 1.73 33.99 0.37 0.60 6.58 0.00 0.00 0.00 0.00 10 1.87 

43 94 i1m 2.37 74.03 0.98 18.45 0.00 0.50 0.00 0.00 0.05 0.00 0.00 96.38 

43 102 Kf 63.58 0.00 18.59 0.00 0.04 0.00 0.00 16. 18 0.94 0.02 0.04 99.39 

43 83 Plag 64.29 0.03 22.20 0.13 0.00 3.47 0.00 0.00 9.98 0.02 0.06 100. 18 

67 225 Cpx 50.00 0.82 4.70 8.92 0.1 3 22.75 12.49 0.00 0.67 0.00 0.00 100.48 

67 223 Hb 42.27 2.32 12.32 10.16 0.00 11.66 15.09 0.70 2.60 0.00 1.50 98.62 

67 2 15 Opx 52.20 0. 18 3. 12 20.43 0.28 0.55 23.78 0.00 0.00 0.00 0.00 100.54 

67 222 Plag 53.23 0.02 30.55 0. 14 0.00 12.66 0.00 0.00 4.50 0.00 0.00 10 1.1 0 

85 235 Bi 37.55 5. 15 12.96 13.89 0.0 1 0.00 15.44 9.94 0.07 0.05 2.4 1 97.47 

85 236 Cpx 5 1.22 0.32 2. 17 11.4 1 0.36 2 1.46 12.49 0. 12 0.58 0.02 0.06 100.2 1 

85 24 1 Hb 4 1.87 2.59 10.90 14.27 0. 15 11.1 8 11.81 1.99 1.85 0.04 0.88 97.53 

85 237 Opx 5 1.4 1 0.13 1.59 27.97 0.66 0.73 18.72 0.00 0.0 1 0.00 0.00 10 1.22 

85 233 Plag 57.96 0.00 26.98 0.27 0.00 8.91 0.00 0.37 6.40 0.00 0.07 100.96 

90 259 Bi 37.72 5. 14 12.74 16.61 0.04 0.00 13.89 10.29 0.00 0 .1 5 0.60 97. 18 

90 246 Cpx 5 1.73 0.28 1.97 12.02 0.32 20.92 12.07 0.00 0.77 0.0 1 0.00 100.09 

90 262 Hb 42.92 1.88 9.92 15.34 0.06 11.19 11.79 1.66 1.48 0. 18 0.63 97.05 

90 255 Kf 64.35 0.00 18.88 0.40 0.03 0.00 0. 13 15.29 1.42 0.0 1 0.00 100.5 1 

90 243 Opx 5 1.77 0.12 0.74 27.60 0.8 1 0.70 19.32 0.00 0.00 0.00 0.00 10 1.06 

90 244 Plag 62.75 0.02 24.03 0.00 0.00 5.64 0.00 0.66 8.30 0.01 0.00 101.41 

20 1 109 Bi 39.49 5. 14 13.02 8.8 1 0.00 0.00 19.27 10.23 0.0 1 0. 16 0.55 96.68 

201 96 Cpx 52.03 0.28 1.93 12.02 0.68 19.3 1 13.30 0.00 0.74 0.00 0.00 100.29 

201 95 Hb 43.90 2.20 9.07 13.87 0.34 11 .39 13.1 3 1.60 2.00 0.29 0.92 98.71 
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Appendix III 
Microprobe analyses for other samples [2] 

Sam- Point Mine- SI02 TI02 AL203 FEO MNO CAO MGO K20 NA20 CL F Total 
pic raJ 

20 1 100 Kf 64.24 0.02 18.27 0.36 0.00 0.21 0.00 16.78 0.65 0.00 0.00 100.5 

20 1 106 Plag 6 1.9 1 0.02 23.54 0.00 0.00 5.32 0.00 0.70 8.28 0.00 0.00 99.77 

202 5 Bi 39.24 4.10 14.53 9.40 0.09 0.00 19.32 10.79 0.05 0.10 0.30 97.92 

202 2 Cpx 51.32 0.32 2.44 12.63 0.35 20.40 12.63 0.00 0.47 0.00 0.00 100.5 

202 130 ilm 0.14 52.47 0.00 47.2 1 2.27 0.08 0.16 0.00 0.00 0.00 0.00 102.3 

202 6 Opx 52.24 0.10 1.1 3 25.8 1 1.10 0.70 19.53 0.00 0.03 0.00 0.00 100.6 

202 125 Plag 56.95 0.02 27.65 0.33 0.00 9.43 0.00 0.41 5.72 0.00 0.00 100.5 

207 121 Bi 36.84 5.07 12.87 18.3 1 0.10 0.15 12. 12 9.87 0.03 0.17 0.51 96.04 

207 127 Cpx 50.85 0.25 1.91 14.28 0.37 20.92 11.28 0.00 0.42 0.00 0.00 100.2 

207 126 Hb 41.20 2.65 11.22 19.05 0.17 10.96 8.89 1.70 1.75 0.2 1 0.56 98.36 

207 115 Kf 63.32 0.00 18.42 0.00 0.01 0.00 0.00 16.58 0.62 0.00 0.00 98.95 

207 122 Opx 50.21 0.1 3 0.55 32.46 0.72 0.74 15. 16 0.00 0.01 0.03 0.02 100.0 

207 125 Plag 59.45 0.00 25.98 0.00 0.00 7.95 0.00 0.48 6.96 0.01 000 100.8 

307 35 Bi 38. 12 3.02 13.36 11.46 0.00 0.24 18.16 10.13 0.04 0.18 1.82 96.53 

307 48 Cpx 52.52 0.12 1.51 9.49 0 .22 22.79 13.70 0.00 0.31 0.00 0.00 100.6 

307 28 Hb 41.38 2.79 11 .49 15.34 0 .1 4 11.56 10.84 1.92 1.43 0.24 0.43 97.56 

307 36 Opx 51.22 0.15 1.47 26.93 0 .50 0.63 19.27 0.00 0.03 0.00 0.02 100.2 

307 52 Plag 53.06 0.03 29.78 0.22 0.00 12.48 0.00 0.34 4.46 0.00 0.03 100.4 

308 63 Bi 37.44 6.34 13.13 14.56 0.06 0.00 13.94 10.24 0.03 0.00 1.09 96.83 

308 72 Cpx 51.71 0.32 2.08 10.47 0.53 21.8 1 12. 17 0.00 0.71 0.01 0.00 99.81 

308 59 Hb 42.49 2.02 10.09 14.58 0.18 11.35 12.07 1.77 1.37 0.07 0.66 96.65 

308 7 1 Kf 63.52 0.00 18.82 0.00 0.00 0.00 0.00 16.68 0.42 0.00 0.00 99.44 

308 57 Opx 51.41 0.10 0.77 26.09 1.15 0.73 19.32 0.00 0.00 0.00 0.04 99.61 

308 60 Plag 60.97 0.02 24.28 0.13 0.05 6.14 0.00 0.84 7.51 0.00 0.02 99.96 

3 11 43 Bi 36.09 5.35 13.55 16.09 0.10 0.00 13.07 10.30 0.00 0.04 0.81 95.40 

3 11 52 Cpx 51.92 0.23 2.25 10.68 0.17 21.49 12.83 0.00 0.57 0.00 0.13 100.2 

3 11 38 Hb 42.34 2.62 10.7 1 14.72 0.15 11.46 11 .94 1.59 1.35 0.06 0.54 97.48 

3 11 50 Kf 63.52 0.00 18.2 1 0.00 0.00 0.00 0.00 16.53 0.63 0.00 0.03 98.92 

3 11 24 Opx 52.65 0.10 0.91 25.01 0.61 0.60 20.13 0.00 0.01 0.00 0.00 100.0 

311 45 Plag 59.37 0.00 25. 19 0.26 0.00 7.49 0.00 0.63 6.92 0.02 0.00 99.88 

339 67 Bi 36.90 6.47 13.55 14.86 0.08 0.00 13.96 10.14 0.00 0.10 1.24 97.30 

339 68 Cpx 52.09 0.30 2.23 10.1 8 0.18 21.84 13.02 0.00 0.43 0.02 0.01 100.3 

339 76 Kf 62.68 0.03 19.05 0.46 0.00 0. 15 0.00 15.74 0.96 0.00 0.00 99.07 

339 70 Opx 51.49 0.10 1.21 26.3 1 0.44 0.64 20.25 0.00 0.01 0.03 0.00 100.4 

339 54 Plag 57.63 0.00 26.8 1 0.00 0.00 9.40 0.00 0.49 6.00 0.00 0.00 100.3 

339 73 Q 99.95 0.02 0.00 0.26 0.00 0.00 0.00 0.00 0.00 0.01 0.03 100.2 

347 2 Bi 37.97 4.60 13.49 11.53 0.09 0.00 17. 18 10.50 0.03 0.03 1.65 97.07 

347 24 Cpx 51.60 0.30 2.02 10.43 0.25 22.07 12.80 0.00 0.40 0.01 0.00 99.88 

347 I Hb 42.32 2.20 11.43 12.96 0.15 11.95 13.02 1.89 1.63 0.02 0.81 98.38 

347 13 Opx 52.09 0.1 2 2.2 1 22.84 0.75 0.57 21.75 0.00 0.01 0.02 0.00 100.3 

347 4 Plag 55.56 0.00 27.96 0.28 0.00 10.23 0.00 0.55 5.78 0 .00 0.00 100.3 
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Appendix IV 
av P-T calculation [1] 

AVERAGE PRESSURE/TEMPERATURE CALCULATIONS 

An independe nt se t of react ions has been calculated for P(sd) limit= 4.0 kbars : 

Rock name : 338 (for a (H20) = 0.2) 

phi ann an ab hb 
a 0.123 0.0174 0.503 0.478 0.0053 
sd( ln a) 0.25294 0.494 0.0741 0.08175 0.51582 

H20 di hed cats e n 
a 0.2 0.563 0.27 0.0478 0.243 
sd( ln a) 0.05729 0.13846 0.2720 I 0.17191 

reac tions 
I) 4an + parg = ab + hb + 4cats 
2) 4an + parg + 4en = ab + hb + 4di + 4mgts 
3) 4an + ed = ab + hb + di + 3cats 
4) 2ab + 4hb + 6cats =lOan+ 2ed + 2H20 + 3en 
5) 4a n + 2ed + 2fs = ab + hb + parg + 4hed + 2 mgts 
6) 4phl + 3ab + 3hb + 12hed + 12mgts = 4ann + 12an + 3parg + l 2en 

ca lculations 
P(T) 

I 12.4 
2 14.7 
3 11.5 
4 9.3 
5 10.3 
6 14 

sd 
2.42 
3.56 
2 .17 
2 .3 
3.48 
3.82 

Diagnostic information : 

dP/dT 
-0.0041 
-0.00 11 
0.00 14 
0.0139 
0.0001 
-0.0041 

In_K 
-10.266 
-10.177 
-7 .26 
18 .232 
-6.807 
31.525 

parg 
0.00594 
0.6262 

fs 
0 .205 
0.17968 

ed 
0 .00346 
0.68959 

mgts 
0.0211 
0.47393 

avP, avT, sd' s, cor, fit are the result of doubling (first table) I halving (second table) uncertain ty 
on In a: a In a is suspect if any are very di fferen t from Tsq values. 

e* are In a residuals normalised to In a uncertainties: large abso lute values , say >2.5, point 
to suspec t info rmation. 

hat are the diagonal elem ents of the hat matrix : large va lues, say >0.43 , point to influen tia l data. 
For 95 % confid ence, fit(= sd(fit)) should be less than 1.49 

lsq 
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avP sd 
12.3 2.3 

avT sd 
870 55 

cor 
-0.141 

fit 
1.01 



First tab le 

p sd(P) 

phi 12.26 

ann 12.26 

an 12.32 

ab 12.26 

hb 13.34 

parg 12.22 

e d 12.25 

H20 12.26 

di 12.03 

hed 12.26 

cats 12.44 

en 11 .25 

fs 12.26 

mgts 12 

Second ta ble 
p 

ph i 12.26 

ann 12 .26 

an 12.24 

ab 12.26 

hb 11.92 

parg 12.29 

ed 12.27 

H20 12.26 

di 12.35 

hed 12.26 

cats 12. 16 

en 12.46 

fs 12.26 

mgts 12.66 

T = 870 "C , T (sd) = 65 

P = 12 .3 kbars, P(sd) = 2.3 

cor=-0. 14 1 

f = 1.0 1 

2.32 

2.3 1 

2.54 

2.35 

2.8 1 

2.38 

2.54 

2.33 

2.32 

2.3 1 

2.92 

2.33 

2.31 

2.42 

sd(P) 

2.33 

2.36 

2.27 

2.32 

2. 18 

2.29 

2.09 

2.33 

2.4 1 

2.88 

1.9 

2.48 

2.58 

2.2 

Appendix IV 
av P-T calcul ation [2] 

T sd(T ) cor fit e* hat 

869 65 -0. 14 1 I 0. 14 0 

869 65 -0 . 14 1 I -0.27 0 

870 65 -0.147 1.01 0.03 0.06 

870 65 -0. 133 1.0 1 0.0 1 0.01 

8 19 100 -0.5 1 0.95 -0.43 0.67 

869 67 -0.085 1.0 1 -0.07 0.08 

870 65 -0 .11 8 1.0 1 -0.0 1 0. 17 

870 65 -0. 14 1 1.0 1 0 0 

862 65 -0. 125 0.9 0.62 0.02 

880 65 -0. 14 0.76 - 1.27 0.0 1 

872 68 0.065 1.0 1 -0.08 0.45 

909 74 -0. 195 0.85 -0.82 0. 17 

875 65 -0. 14 1 0.8 0.97 0 

864 67 -0 .05 0.99 0.36 0.2 

T sd(T) cor fit e* hat 

870 65 -0. 14 1 1.0 1 0. 14 0 

87 1 66 -0. 14 1 1.02 -0.27 0 

870 65 -0. 14 1.01 0.03 0.06 

870 65 -0. 143 1.0 1 0.0 1 0.0 1 

886 50 0. 17 1 1.03 -0.43 0.67 

87 1 64 -0. 185 1.01 -0.07 0.08 

870 65 -0. 172 1.0 1 -0.0 1 0. 17 

870 65 -0. 14 1 1.0 1 0 0 

873 67 -0. 147 1.05 0.62 0.02 

853 80 -0. 142 1.25 -1. 27 0.0 1 

869 64 -0.34 1 1.0 1 -0 .08 0.45 

850 64 -0. 107 1.08 -0.82 0. 17 

867 72 -0. 141 1.1 2 0.97 0 

879 63 -0 .3 11 1.03 0.36 0.2 
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Calculation T(oC) 

1-14 717 
1-33 722 
1-31 749 
1-1? 745 
1-10 7tiS 
1-06 864 
1-07 869 

11 -17 7??. 
11-31 733 
11 -17. 711 
11-28 791 
!1-30 751 
ll-ti2 747 
11-35 716 
II-36 721 
11-27 747 
II-26 745 
TT -ti1 7ti1 
11-34 72ti 
II-25 766 
11 -70 800 
11-69 807 
Il-7 1 818 
11 -SO RICJ 
Il-17 819 
TI-l S R?ti 
fl-18 825 
II-51 827 
Tl-1 4 815 
11-1 2 812 
11-10 838 
11-49 835 
TT-Oti 847 
11-74 834 
II-08 844 
Tlla-5 71? 
llla-4 848 
lila- I 7CJS 
Illa-7 852 
Illa-8 857 
Tna-ti 859 
V-1 R4S 
V-4 824 
V-7 820 
Vl-1 865 

V111 -3 840 
X-ll 866 
X- l 'l 84? 
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Appendix V 
Analytical P-T conditions 

(sample 338) 

T(sd) P (kbar) P(sd) 

Sti 4.fi 2.S 
42 4.9 2.3 
37 6.7 2 
37 6.8 2 
42 71 21 
58 11.3 2.5 
59 12.0 2.5 

. 4ti 44 2S 
41 5. 1 2.3 
41 52 2.3 
ti8 ti .4 2. 1 
39 6.4 2.3 
40 ti4 7. 4 
38 6.5 2.4 
39 6.5 2.5 
17 ti7 7 
37 6.8 2 
40 7.7 ? .5 
34 7.8 2 
37 8.4 1.9 
)C) RR _25 
58 9.1 2.4 
59 10.1 2.3 
)C) 10 s 7 s 
59 IO.ti 2.5 
59 10.7 2.4 
tiO 107 ? S 
60 10.8 2.5 
63 11.4 2.5 
61 11.5 2.5 
tiO l l.ti ?4 

61 11.9 2.5 
62 12.1 2.5 
tiO 12.2 2? 

61 12.2 2.4 
44 4R 74 
60 9.4 ? 

49 9.5 2.4 
52 9.7 1.9 
54 9.7 1.9 
53 9.8 1.9 
68 7.8 1.8 
tiO IO.ti 2S 
59 10.0 2.4 
59 11.9 2.5 
ti2 12ti 2.S 
66 13.0 2.5 
64 13.9 2.5 

Correlation Fit 

0.29 I 

0.697 0.93 
0.526 0.95 

0.5 13 0.85 
0494 11 4 
0.052 I 

0.05 0.93 
0 7R 0 77 
0.69 0.97 

0.683 0.94 
0.29ti 0.94 
0.568 1.05 
Oti41 099 
O.tiOti 077 
0.64 0.83 
0.54 0.79 

0.521 0.8ti 
0.534 1.07 
0.411 0.78 
0.353 1.07 
0.037 0.88 
0001 08ti 
0.044 0.71 
O.D38 0.85 
0.015 0.85 
0.068 0.79 
0001 OJU_ 
0.027 0.8 
0.126 1.08 
0.014 0.99 
007S OCJ? 
0.023 0.9 1 
0.03 0.8 

0 118 OCJI 
0.07 0.83 
0.74 0.93 

0.422 1.07 
0.399 1.34 
0 3()2 07R 
0.40 1 0.89 
0.397 0.92 
0.295 1.14 
0007 0.82 
0.018 0.66 
0.05 0.78 

0.027 0.98 
0. 121 1.02 
0.103 1.04 


