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Abstract

:

A composite lamprophyre dyke from the Central Bohemian Dyke Swarm (Czech Republic) shows both indications of magma free flow (normal magnetic fabric with magnetic foliation and lineation parallel to the dyke plane) as well as those of forcefully driven magma movement (intermediate and inverse magnetic fabrics with magnetic foliation perpendicular to the dyke plane). The overall characteristics of the magnetic parameters across the dyke indicate the existence of at least two slightly differing parts that probably represent two magma pulses. The marginal part of the dyke is formed by kersantite, while toward the axial part, the composition gradually changes to spessartite, and obtains an increasing degree of amphibolization. The rocks of the dyke are inhomogeneous, both compositionally and structurally. It is likely that some portions of ascending magma were more viscous than the others, and the magnetic minerals in the more viscous magma portions may have oriented according to their longer dimensions perpendicular to the dyke, creating an inverse fabric. The lengthening perpendicular to the dyke was compensated by the vertical escape of neighboring more fluid magma, creating a normal magnetic fabric. The frequent oblique magnetic fabrics may represent transitions between the above two mechanisms.






Keywords:


composite lamprophyre dyke; normal and inverse magnetic fabrics; emplacement mechanism












1. Introduction


The magnetic fabric of igneous dykes has been intensely investigated because their creation and propagation signify important mechanisms of mass transport within the Earth’s crust and the upper mantle. For example, there are dykes that originated through the almost free flow of magma infilling more or less open fractures in host rocks (close to the surface) as well as dykes that originated through a forceful magma intrusion of the host rocks with no open fractures (in deeper portions of the crust) (see [1]). The structural aspects of these processes have been investigated both from the theoretical and practical points of views (see, for example, [2,3] and references therein). These investigations used various indicators of magma flow, which are unfortunately scarce, and the anisotropy of magnetic susceptibility (AMS), which can be easily measured on almost all types of dyke rocks (e.g., [4,5,6,7,8,9,10,11,12,13,14]).



The different mechanisms of dyke formation are reflected in the type of the preferred orientation of magnetic minerals by grain shape within a dyke, viz. the magnetic fabric. In the free flow of magma within the dyke, the large surfaces of magnetic minerals orient approximately parallel to the dyke, while the longer dimensions orient parallel to the magma flow direction. This type of preferred orientation gives rise to the most common normal (Type I) magnetic fabric [11,12], with magnetic foliation approximately parallel to the dyke plane and magnetic lineation approximately parallel to the dyke plane and to the direction of the flow. In a forceful intrusion, the large surfaces of magnetic minerals orient approximately perpendicular to the dyke, and the longer dimensions orient parallel to the dyke plane [11,15,16], giving rise to the intermediate or Type II magnetic fabric with an approximately perpendicular orientation of magnetic foliation to the dyke plane and magnetic lineation parallel to the dyke [11,12]. In addition, there are two other types of magnetic fabric whose origin is unfortunately less known. One of them is the reverse or inverse (Type III) magnetic fabric with magnetic foliation and magnetic lineation perpendicular to the dyke [10,11,12], the origin of which is attributed to secondary processes such as hydrothermal alteration [12] or to a single-domain effect if the AMS is carried by very small (single domain, SD) magnetic grains [17]. The last type shows almost random orientations of magnetic foliation and lineation, which may result from very complex flow patterns or from severe post-magmatic changes of magnetic minerals [10,18].



The above types of magnetic fabric are assumed to originate in such a way that the dyke walls simply open gradually, and the space between them is infilled by magma. In addition to simple opening, the dyke walls can also be subject to shear movements during dyke formation, with the movements being vertical (dip-slip), horizontal (strike-slip) or even oblique; this process gives rise to more frequent oblique magnetic fabrics (e.g., [7]).



The above magnetic fabric types were most frequently revealed in intermediate and mafic dykes. Much less information is available about magnetic fabric in potassic–lamprophyre dykes (e.g., [19,20]) with source magma generated in the mantle depths (e.g., [21,22,23,24]). Among the potassic–ultrapotassic dykes of the Central Bohemian Dyke Swarm, Hrouda et al. [8] revealed the first three of the above four magnetic fabric types. Interestingly, there is one dyke, the composite lamprophyre dyke near the town of Dobříš, where all three magnetic fabrics can be found: normal in the central part, and intermediate and even inverse magnetic fabrics in the other parts of the dyke. A question arises: how it is possible that the magma movement in one dyke shows indications of both free flow (normal magnetic fabric in central parts) and forceful intrusion (intermediate magnetic fabric in marginal and rim parts)? One explanation of this phenomenon assumes that the central (amphibolized spessartite), marginal (spessartite), and rim (kersantite) parts represent different injections undergoing different mechanisms of magma movement. The other explanation assumes that the dyke originated by one injection within which the petrographical rock types changed gradually to one from another (see [25]), and the rheological state of the moving magma varied accordingly.



In order to evaluate these explanations, new samples were collected along a profile (with dense spacing of 0.5 m in average) across the dyke. They were investigated by standard AMS, which is the anisotropy of the in-phase component of susceptibility (ipAMS), by the anisotropy of the out-of-phase component of susceptibility (opAMS), and by the anisotropy of anhysteretic magnetic remanence (AAMR). The results were combined with detail petrological and geochemical analyses.




2. Concise Geological Setting


The Bohemian Massif, representing the easternmost segment of the European Variscides, is formed by two crustal blocks (the Brunovistulian and the Teplá–Barrandian, Figure 1) and two zones (the Moldanubian and the Saxothuringian), with rocks affected by various degrees of metamorphism and deformation. The Saxothuringian Zone occupies the northern part of the Bohemian Massif, while the Moldanubian Zone is located in the southeastern part between the Teplá–Barrandian Block in the northwest and the Brunovistulian Block in the east (Figure 1). The Moldanubian Zone is formed by medium-grade (the monotonous and varied units) and high-grade (the Gföhl Unit) metamorphic rocks. The Variscan geodynamic evolution in the Moldanubian Zone was characterized by 380 to 335-Ma long subduction–collision tectonics that resulted in various degrees of metamorphism, magmatic activity, and fast exhumation and cooling (e.g., [26,27,28,29,30]). In general, the overall structure of the Moldanubian Zone is the result of the stacking of several lithotectonic units at ~360 to 345 Ma followed by HT-LP (high temperature, low pressure) metamorphism, anatexis, and late-Variscan wrench tectonics (for a review, see [28,30,31]).



In the Moldanubian Zone, magmatic rocks of Variscan age can be classified into four groups. The first two groups are represented by granitoid complexes that are exposed along two belts, the Central Bohemian Plutonic Complex (CBPC) and the Moldanubian Plutonic Complex (MPC) (Figure 1a). These two complexes differ from each other by age and their relations to Variscan geotectonic processes (e.g., [29,30,32,33,34,35]). The older (c. 355–345 Ma) CBPC straddles the border of the Teplá–Barrandian Block, and is formed by subduction-related calc-alkaline plutons. The younger MPC is composed of peraluminous (S-type) anatectic granitoids (c. 330–300 Ma), and it was formed by extensive migmatitization and isothermal decompression of the surrounding pelitic rocks. The third group is represented by potassic–ultrapotassic rocks (346–337 Ma) that form several isolated plutons (Figure 1a) and dyke swarms [8,36,37,38]. The last group of Variscan igneous rocks have mafic and ultramafic composition (gabbro, norite, troctolite, pyroxenite) and an age of around 340 Ma [39,40,41]. Some of the mafic–ultramafic rocks are unmetamorphosed, but others record amphibolite–granulite facies conditions, and therefore were assumed to be pre-Variscan in age.



The potassic to ultrapotassic rocks form large plutons and dykes having a composition of spessartite, gabbrodiorite, minette, vaugnerite, kersantite, melasyenite, and melagranite. In the western part of the Moldanubian Zone, they are distributed over about a 30 × 100 km area that mostly covers the CBPC (Figure 1a). The dykes have an orientation that is almost E–W and intrudes on not only the basement rocks, but also the granitic rocks of the CBPC. Their thickness varies from five to 20 m, the lengths are often limited to less than one to two km, which is perhaps due to the segmentation of dykes by younger faults. External contacts of porphyry dykes are sharp and generally discordant to folded metamorphic foliations of host gneisses and migmatites.



The studied dyke near Dobříš penetrates the low-grade Neoproterozoic metasediments (slates, metagraywackes, and metasiltstones with thin layers of metaconglomerates). The host rocks belong to the eastern part of the Teplá–Barrandian unit, which was heterogeneously deformed by the ~NW–SE-oriented regional compression during the early stages of Variscan orogeny (for review, see [28,30]). The dyke is about 10 m thick, and has sharply discordant contact, dipping steeply to NNE to NE, in respect to both the regional gently SE dipping bedding and moderately SW dipping cleavage in the host metasiltstones and metagraywackes. A narrow chilled margin (up to 10 cm in thickness) and minor xenoliths of the host rock are present along the contacts. Contact-parallel magmatic foliation (planar preferred orientation of rock-forming minerals) has been identified in some places across the dyke.




3. Sampling, Technique of Measurement, Data Presentation


Twenty-two oriented samples were drilled across the dyke (Figure 1c) using a portable petrol-powered drilling machine and oriented using a geological compass mounted on a special orientating fixture. From each sample, thin sections for petrological analysis and powder specimen for magnetic mineralogy were made, as well as two to three cylindrical (25 mm in diameter and 21–22 mm in height) specimens for magnetic anisotropy measurement. The standard AMS (ipAMS) and the opAMS were measured with the KLY-5 Kappabridge [42] using the three-dimensional (3D) rotator [43], and computed by the SAFYR (ver. 6) program. The AAMR was measured using the LDA-5 anhysteretic magnetizer/AF Demagnetizer and JR-6A Spinner Magnetometer (both produced by Agico Inc. Brno). The bias field was 500 μT, and the AF field was 40 mT; before anhysteretic magnetizing in each direction, the specimen was tumble AF demagnetized in the field of 50 A/m. The measurement was processed using the program REMA (ver. 6.20, M. Chadima) based on the theory by Jelínek [44].



Until now, the dominant method for measuring the AMS of rocks is that of an induction bridge, which measures the susceptibility and its anisotropy in an alternating magnetic field. The susceptibility that is measured in this way can in general be resolved into a component that is in-phase with the magnetizing field, and a component that is out-of-phase. The standard AMS is in fact the anisotropy of the in-phase component (ipAMS). The technique for measuring the anisotropy of the out-of-phase component (opAMS) was developed only recently [42].



The mean bulk susceptibility, eccentricity, and shape of the anisotropy ellipsoid can be characterized by the following parameters [45,46]:


Km = (k1 + k2 + k3)/3



(1)






P = k1/k3



(2)






T = (2 η2 − η1 − η3)/(η1 − η3) = 2 ln F/ln P − 1



(3)




where k1 ≥ k2 ≥ k3 are the principal values, and η1 = ln k1, η2 = ln k2, and η3 = ln k3. The parameter P, which is called the degree of anisotropy, indicates the intensity of the preferred orientation of the magnetic minerals in a rock. The parameter T characterizes the shape of the anisotropy ellipsoid. If 0 < T < +1, the ellipsoid is oblate (the magnetic fabric is planar); T = +1 means that the ellipsoid is rotationally symmetric (uniaxial oblate). If –1 < T < 0, the ellipsoid is prolate (the magnetic fabric is linear); T = –1 means that the ellipsoid is uniaxial prolate.



In order to obtain a statistical evaluation of the AMS/AAMR at individual localities, the ANISOFT package of programs [47,48,49] was used, which enable a complete statistical evaluation of a group of specimens. The orientations of magnetic foliations and magnetic lineations, the respective mean directions, and the corresponding confidence areas are presented in equal-area projections on the lower hemisphere in the dyke coordinate system (the dyke was rotated about its strike to a vertical position, and about the vertical axis to the N–S position).



The magnetic minerals carrying the rock magnetism were investigated through the method of the maximum theoretical paramagnetic susceptibility (MTPS, see [50]), using the susceptibility variation with the magnetizing field, the operating frequency, and the temperature. The susceptibility variation with magnetizing field was measured in the fields ranging from five A/m to 700 A/m at the operating frequency 1220 Hz using the automated mode of the KLY-5 Kappabridge. The variation can be concisely characterized by the Vm parameter defined as follows [51]:


Vm = 100(kmax − kmin)/kmin [%]



(4)




where kmax and kmin are the maximum and minimum susceptibilities, respectively, that were obtained during one measuring run. The susceptibility variation with operating frequency was investigated at the frequencies 976 Hz and 15,616 Hz in the driving field of 200 A/m using the MFK1-FA Kappabridge. It can be represented quantitatively by the commonly accepted percentage loss of susceptibility [52]:


XFD = 100(kLF − kHF)/kLF [%]



(5)




where kLF and kHF are susceptibilities measured at low and high frequencies, respectively. The low and high frequencies were 976 Hz and 15,616 Hz. The susceptibility variation with temperature was measured on coarsely powdered pilot specimens in temperature intervals between −194 °C and 0 °C and between 25–700 °C using the CS-L Cryostat, CS-4 Furnace [53], and the MFK1-FA Kappabridge. The susceptibility versus temperature curve that is measured between −194 °C and 700 °C is called the heating curve, while the curve measured between 40–700 °C is called the cooling curve. The high-temperature curves were measured in the atmosphere of flowing argon (10 l/min). The Curie temperatures were determined using the Petrovský and Kapička [54] method based on searching for the beginning of the paramagnetic hyperbola just at the Curie temperature.



The bulk rock density was determined through simply measuring the dimensions of cylindrical specimens for measuring the AMS using vernier and weighing the specimens using analytical scales.




4. Petrology and Bulk Rock Chemistry


Modal contents of minerals and their textures show a gradual change from the rim to the central part of the dyke. After Holub [25], the dyke is formed by kersantite (plagioclase > K-feldspar with high biotite content) upon contact with the host siltstone, and by hornblendite in the axial part of the dyke. The bulk rock composition of three main varieties is given in Table 1. It should be noted that the different composition and mineral mode is partially due to the degree of amphibolization (see later). Both axial and rim parts are separated by a thin zone of spessartite (plagioclase > K-feldspar with high amphibole content). The dyke margin, up to several cm from contact with the host rocks, consists of a very fine-grained (<0.15 mm) matrix with phenocrysts (up to 1.5 mm) of clinopyroxene and pseudomorphs of talc after olivine (Figure 2a). The minerals that are present in the matrix are plagioclase > biotite > clinopyroxene, and small amounts of amphibole, K-feldspar, quartz, carbonate, magnetite, and sulphides. The amphibole content increases toward the central part of the dyke, and the biotite content is about 8 vol%. The pseudomorphs of talc after olivine instead of orthopyroxene are assumed by their shapes and comparison with other lamprophyre dykes with similar phenomena of olivine replacement to talc [38]. In addition to talc, the pseudomorphs contain accessory amounts of quartz and Cr-spinel. The phenocrysts of clinopyroxene may contain inclusions of apatite and opaque minerals. A striking feature of this part of the rock is the presence of multiphase ocelli (1.55–4.5 mm), which are formed by tabular grains (<0.5 mm in size) of plagioclase and brown biotite with small amounts of green amphibole and a smaller amount of K-feldspar (Figure 2b). The minerals in the ocelli show random orientation (Figure 2b,c). Some ocelli contain also carbonate and minor quartz.



Farther from the dyke rim, the rock gradually becomes coarse-grained. Although the matrix phases can have a size of up 0.4 mm, the coarsening is mainly due to amphibole grains (up to 1.5 mm in size) that overgrow or enclose clinopyroxene and pseudomorphs after olivine (Figure 2d). It has a brown color that transitions to green rims. In contrast to the contact zone, biotite content decreases (<1 vol%), and that of amphibole increases (up 60 vol%). The amounts of clinopyroxene phenocrysts and talc pseudomorphs also decrease due to their replacement by amphibole. Matrix minerals are similar to those from the contact zone and consist of plagioclase, amphibole, K-feldspar, clinopyroxene, biotite, and minor quartz and carbonate.



The axial part of the dyke is coarse-grained and consists mostly of amphiboles that reach a grain size of up to five mm (Figure 2e). Biotite is not present, or can occur as an accessory phase. Amphibole contains relics of clinopyroxene, talc pseudomorphs, and encloses plagioclase. The original matrix is locally preserved and consists of amphibole, clinopyroxene, plagioclase, minor carbonate, and quartz.



No significant variation in the composition of minerals was observed between the rim and central parts of the dyke. Clinopyroxene is augite to diopside (XMg = 81.58−87.50 mol %). Amphibole corresponds to tschermakite, magnesio-hornblende, magnesio-hastingstite, and edenite in composition. Its Mg (XMg = Mg/(Mg + Fe2+)) ratios slightly increase from the marginal part of the dyke (0.63–0.72) to the central part (0.67–0.86). Some amphibole grains in the central part are replaced along the rims by actinolite. Biotite has XMg = 0.55−0.65, but rarely, phlogopite (0.70–0.72 XMg) is also present. Plagioclase is zoned, and shows a wide compositional range, from andesine-labradorite (37.80–69.83% An) in the marginal part of the dyke to andesine-bytownite (31.16–85.34% An) in the central part of the dyke. K-feldspar is orthoclase with 72.30–76.74% Or and a mixture of celsian (1.89–3.82% Cn).



In addition to a fast-cooled matrix and the presence of ocelli textures at the contact zone, the main difference between the rim and central part of the dyke is related to the presence and amounts of biotite and amphibole. Biotite with high XMg content could represent the original phase, but it is not clear whether some amphibole was also formed among the early crystallized phases. As shown above, amphibole is a late crystallized phase, and it clearly replaces or overgrows the early crystallized minerals (plagioclase, clinopyroxene, and olivine). Based on the original minerals, the rim part corresponds to kersantite, which is consistent with the findings of Holub [25], but the central part is represented by spessartite, with an inward increase of amphibolization degrees. Bulk rock chemistry indicates that the central part has less silica, aluminum, and potassiumm but higher amounts of MgO and CaO. Calculated normative contents of minerals reveal that the rim part has higher content of plagioclase, orthoclase, and hypersthene, but lower amounts of diopside and olivine compared to the central part. As shown above, the pseudomorphs are after olivine, but the presence of small amounts of orthopyroxene among the primary phases is not excluded. In addition, some Ca could be incorporated into the original carbonate.




5. Magnetic Mineralogy


The mean volume susceptibility of the Dobříš dyke is moderate, covering the entire order of 10−3 (Figure 3). The MTPS method, which calculates the rock paramagnetic susceptibility from the Fe and Mn contents obtained from the whole-rock chemical analyses (see [50]), shows that the contribution of paramagnetic minerals to the whole-rock susceptibility is an order of magnitude lower: about 0.6 × 10−3. Consequently, the rock’s susceptibility is dominantly carried by ferromagnetic minerals (encompassing ferrimagnetic, antiferromagnetic, and ferromagnetic sensu stricto ones).



The variation of susceptibility with temperature was investigated on 11 pilot specimens that cover all rock types in the dyke. The susceptibility versus temperature curves of the high-temperature segment (between room temperature and 700 °C) mostly show three susceptibility decreases in the heating curves: one between 300–360 °C, the second between 495–515 °C, and the third between 570–590 °C (Figure 4a,c). The last temperature probably indicates magnetite, the other two may indicate Fe–Ti oxides with different contents of Ti. The hump of susceptibility between ca. 150–350 °C can be ascribed to a new phase that may have been created during specimen heating. It should be emphasized that the curves of all the specimens are similar, even though they come from different positions within the dyke and represent different rock types, thus supporting gradual inward changes in mineral and bulk rock chemistry within the dyke. The cooling curves run lower than the heating ones and show only one susceptibility decrease, i.e., that at 570–590 °C (Figure 4b,d). This probably indicates the dissolution of the earlier separated phases, resulting in the creation of one phase.



The low-temperature curves (between −190 °C and 0 °C) show susceptibility decreases at −160 °C and −170 °C at the Verwey transition, which is typical of relatively pure magnetite [55], in six specimens, and paramagnetic hyperbola in five specimens (Figure 4a,c).



In specimens that showed no Verwey transition, but indicated the existence of paramagnetic hyperbola, the low-temperature segments of the curves were resolved into paramagnetic hyperbola and a ferromagnetic straight line using the method by Hrouda [56]. This technique revealed that the paramagnetic susceptibilities are mostly in the order of 10−4, thus indicating that the rock’s susceptibility is even in such cases dominantly carried by ferromagnetic minerals (magnetite).



The variation of in-phase susceptibility with field is very weak, with the K/Kmin ratio being less than 1.02 (Figure 5a). Among ferromagnetic minerals, pure magnetite shows virtually field-independent susceptibility, while in titanomagnetite, pyrrhotite, and hematite, the susceptibility may be clearly field-dependent, even in low fields that are commonly used in AMS meters [51,57,58,59,60,61,62]. From this point of view, the weak in-phase susceptibility variation of most of the investigated specimens probably indicates the presence of only slightly impure magnetite or very low amounts of titanomagnetites.



The out-of-phase susceptibility is about two orders lower than the in-phase susceptibility. To visualize its variation with field, the K–Kmin difference is used instead of the K/Kmin ratio to avoid problems with normalizing by very low numbers. Nevertheless, it clearly shows an observable increase with field (Figure 5b). As the out-of-phase susceptibility of pure magnetite is effectively zero, while it is clearly non-zero in titanomagnetite, pyrrhotite, and hematite (see [63]), the low, but non-zero, out-of-phase susceptibility probably indicates the presence of either impure magnetite or very low amounts of titanomagnetite.



The grain size of ferromagnetic minerals can be assessed, at least partially, through frequency-dependent susceptibility. Namely, the frequency-dependent susceptibility is effectively zero in multi-domain (MD) and single-domain (SD) grains of magnetite (titanomagnetite) as well as in its ultrafine superparamagnetic (SP) grains (e.g., [51,64]). On the other hand, it can be clearly non-zero in magnetically viscous grains that are transitioning from the SP state to the SD state. The values of the XFD parameter characterizing the frequency-dependent susceptibility quantitatively are low, mostly lower than 1% (see Figure 3), approaching the detection limit of the method [65]. Consequently, the investigated dyke contains very low amounts of magnetically viscous grains, if any.



It can be concluded that the dominant carrier of the ipAMS is magnetite, even though some other magnetic phases are also present. As the AMS of magnetite is controlled by its grain shape, the rock ipAMS is controlled by the preferred orientation of magnetite by grain shape. The opAMS is controlled either by impure magnetite of very low amounts of titanomagnetite. The AAMR in the measuring configuration used (without using magnetization/demagnetization windows) is controlled by the mineral(s) that can be easily magnetized anhysteretically and subsequently demagnetized before changing the magnetizing direction, which is probably represented by low-Ti titanomagnetite.




6. Magnetic Fabric


6.1. Standard Anisotropy of Magnetic Susceptibility (AMS)


The degree of AMS is very low, mostly about P ~1.01, and reaching P = 1.04 (Figure 3). The shape of the AMS ellipsoid ranges from very prolate to moderately oblate (Figure 3). Both the magnetic foliations and lineations are relatively well defined. From the point of view of the orientations of magnetic foliations and magnetic lineations with respect to the dyke plane, the dyke can be divided into seven domains showing different, but relatively homogeneous, orientations. In two domains, D1 (samples 34 and 35) and D2 (samples 3, 28, and 29), the magnetic foliation is approximately parallel to the dyke plane, while the magnetic lineation is horizontal and also parallel to the dyke plane (Figure 6); this fabric can be denoted as normal or Type Ia. In domain D3 (samples 4 and 30), the magnetic foliation is almost perfectly vertical and perpendicular to the dyke, and the magnetic lineation is also mostly perpendicular to the dyke (Figure 6). This fabric type is no doubt inverse or Type IIIb. In domain D4 (samples 2, 24–27), the magnetic foliation is mostly perpendicular to the dyke, varying in the dip from horizontal to vertical, and magnetic lineation is mostly horizontal, perpendicular to the dyke (Figure 6). This magnetic fabric can be also denoted as inverse, transitioning from Type IIIa to IIIb. In the domains D5 (samples 36–39), D6 (samples 31–33), and D7 (samples 1, 21, 22), both the magnetic foliations and magnetic lineations are oblique with respect to the dyke plane (Figure 6), and the magnetic fabrics cannot be described in simple terms such as normal or inverse. It is likely that the rocks in these domains suffered local strike-slip movements that rotated the magnetic fabrics.




6.2. Anisotropy of Anhysteretic Magnetic Remanence (AAMR) and Anisotropy of Out-of-Phase Magnetic Susceptibility (opAMS)


The reason for investigating the AAMR was to find out whether the inverse AMS fabric results from the perpendicular orientation of larger dimensions of magnetic minerals with respect to the dyke plane or from the grains of magnetic minerals being very small and SD in state. Namely, as shown by Potter and Stephenson [66] for example, the maximum susceptibility is along the maximum dimension in the MD particle, while it is along the minimum dimension in the SD particle. The minimum susceptibility is along the minimum dimension in the MD particle and along the maximum dimension in the SD particle. As the measurement of AAMR is an order-of-magnitude more laborious and time-consuming than that of AMS, the AAMR was not measured in all the available specimens, but preferably in a selection of those coming from domains with normal (domains D1, D2) and inverse (domains D3, D4) AMS fabrics.



In both the domains showing normal ipAMS fabric (D1, D2), the ipAMS foliation and ipAMS lineation are parallel to the dyke plane; the latter is horizontal (Figure 7a,d). The AAMR and opAMS foliations are parallel to the dyke in the D2 domain, while they deflect azimuthally from the dyke in the D1 domain; the AAMR and opAMS lineations are very steep in the D1 domain and gentle to very steep in the D2 domain (Figure 7b,c,e,f).



In both the domains with inverse AMS fabric (D3, D4), the ipAMS foliation is perpendicular to the dyke plane, being horizontal in the D4 domain and vertical in the D3 domain; meanwhile, the ipAMS lineation is perpendicular to the dyke (Figure 8a,d). The AAMR foliations are very steep, and mostly perpendicular to the dyke; the AAMR lineations are perpendicular to the dyke and horizontal in the D4 domain, and mostly parallel to the dyke and vertical in the D3 domain (Figure 8b,e). The opAMS foliations are vertical and perpendicular to the dyke in both domains, and the opAMS lineations are horizontal and perpendicular to the dyke in the D4 domain, and show a variable plunge within the vertical plane perpendicular to the dyke in the domain D3 (Figure 8c,f).



In summary, the ipAMS foliation poles are not parallel to the AAMR lineations as well as the ipAMS lineations are not parallel to the AAMR foliation poles in any domain. In addition, the frequency-dependent susceptibility is very low (mostly XFD < 1%), indicating that the ultrafine magnetically viscous particles in transition from the SP state to the SD state are present in very low amounts. Assuming continuous grain-size distribution from SP through SD to MD, and realizing that the susceptibility of SD particles is lower than that of MD or SP particles, the very low values of the XFD parameter may indicate that the SD particles are not abundant enough to dominate the rock magnetism. One can conclude that the inverse AMS fabrics are very unlikely due to the dominance of SD particles, and their existence should be ascribed to specific mechanisms in detailed magma movement.



The magnetism of the dyke is dominantly carried by MD ferromagnetic minerals. If different subpopulations of those minerals had similar geological histories, one would expect coaxial orientations of ipAMS, AAMR, and opAMS. However, this is true only partially. The ipAMS, AAMR, and opAMS foliations and lineations all show moderate to large differences. These may be ascribed to slightly different subpopulations of magnetic grains controlling the individual anisotropies. They may reflect a transition from vertical feeding flow to horizontal flow, representing advanced magma propagation.



In the D1 and D2 domains, in which the ipAMS, AAMR, and ipAMS fabrics can be classified as normal, all the three magnetic fabrics evidently indicate relatively free flow, during which the magnetic minerals orient parallel, with their larger surfaces to the dyke, and with their longer dimensions probably parallel to the magma flow. The titanomagnetite longer axes, being oblique to vertical as indicated by AARM and opAMS lineations, probably represent the direction of the feeding flow of the dyke. The horizontal longer axes of magnetite indicated by ipAMS probably represent the advanced magma propagation along the dyke. We hypothesize that the magnetic minerals crystallized only during magma feeding a joint and creating the dyke. Then, the titanomagnetites crystallized earlier at higher temperatures than magnetite.



In the D3 and D4 domains, whose ipAMS, AAMR, and ipAMS fabrics can be classified as inverse, the magnetic minerals are oriented with their larger surfaces perpendicular to the dyke and with their longer dimensions also perpendicular to the dyke. Such a magnetic fabric may have originated as follows. The magma movement is no longer represented by free flow. Rather, it is akin to forceful injection when the later magma batches push on the earlier ones. In this process, the larger surfaces as well as the longer axes of magnetic minerals orient perpendicular to the compression direction. It is interesting that in the D4 domain, the ipAMS foliations, although perpendicular to the dyke, are horizontal, while the AAMR and opAMS foliations are also perpendicular to the dyke, but vertical. This would mean that titanomagnetites indicate horizontal compression along the dyke, while the magnetite indicates vertical compression.





7. Discussion


7.1. Variation of Mineral Textures and AMS Fabrics across the Composite Dyke


As shown above, the dyke at Dobříš is represented by various domains differing in composition and fabrics. Its compositional change from kersantite occurring mostly at the margin parts to spessartite in the central part is accompanied by an increase in the degrees of amphibolization. This inward transition is gradual, and can be seen in the grain sizes of minerals, mainly of amphibole, with its high volume content in the central part. It seems that the original magma of kersantite composition intruded into a relatively cold environment, making chilled contacts with the host siltstone. Although phenocrysts of clinopyroxene and talc pseudomorphs reach sizes of up to 1.5 mm, the rock still has a fine-grained matrix. The continuous change in grain size, modal amounts of original mineral (biotite), mineral composition (plagioclase, XMg values of clinopyroxene), and bulk rock composition suggest a gradual change of the source magma to spessartite, which intruded through the central part of the dyke. Based on the early crystallized minerals, both magmas were generated by partial mantle melting, but kersantite melt came from the mica-bearing peridotite part [38]. The presence of spectacular ocelli textures at areas in contact with the rim suggests that the bubbles were filled at high temperature by infiltration of the residual melt from the matrix, which crystallized into plagioclase, biotite, amphibole, and quartz, with or without calcite. As there is no sharp boundary between kersantite and spessartite, the more mafic magma penetrated the axial part of the dyke in the still relatively warm environment formed by kersantite. Consistent with textural relations, amphibole was formed during the last stage of crystallization. The presence of amphibole enclosing both phenocrysts and matrix minerals suggests that it formed in subsolidus conditions after the emplacement of the dyke. The assumption about high temperature being sufficient for amphibole formation of magnesio-hornblende and tschermakite composition is supported by the ocelli textures filled by plagioclase, amphibole, and biotite.



As illustrated in Figure 3, except for the percentage loss of susceptibility (XFD), the values of bulk density, mean susceptibility, shape parameter (T), and degree of AMS (P) show generally bimodal distribution and divide the dyke into two NE and SW segments. Each segment is characterized by an elevated central part and depressions at the marginal parts. The values of the XFD parameter are roughly inverted to those of the above parameters. This bimodal distribution of magnetic parameters implies that the dyke was formed by two magma pulses: one creating the NE segment, and the other creating the SW one. Based on the results of petrology, the two pulses do not represent timely and mechanically separated magma batches, but rather represent the gradual development of one slowly moving magma, changing its composition from kersantite to spessartite.




7.2. Implications of AMS Fabrics to Multistage Evolution of Magmatic Dykes


Several theoretical models of the dyke formation can be basically considered. They either assume that the dyke walls simply open gradually and the space between them is infilled by magma, or they also consider that during dyke formation, the dyke walls are subject to shear movements, which can be vertical (dip-slip), horizontal (strike-slip), or even oblique. The moving magma is supposed to resemble the flow of the Newtonian or Binghamian liquid or a transition between these two (e.g., [7]). The magma movement is advantageously described in terms of intrusive strain; four different cases (models 1–4 in Figure 9 and Figure 10) can occur. The predicted orientations of the magnetic foliations and lineations are obtained from our own program based on the line/plane and viscous models (for details, see [67,68]).



Model 1 (Figure 9) considers that a vertical dyke opens without the transcurrent component being fed with vertically flowing magma, resembling the Newtonian liquid (Figure 9a,b). The AMS ellipsoid is nearly neutral, and the magnetic foliation is very steep, striking parallel to the dyke wall and dipping toward the wall; the magnetic lineation is also very steep, being roughly parallel to the dip of the magnetic foliation (Figure 9f). This magnetic fabric can be classified as normal. In the tip parts of the dyke (Figure 9b), the magma movement resembles pure shear, the AMS ellipsoid is predominantly oblate, and the magnetic foliation and magnetic lineation are roughly horizontal, making them perpendicular to the dyke, and creating the intermediate magnetic fabric (Figure 9g) [7]. If the uppermost part of the dyke does not open sufficiently rapidly, the flow direction may change to horizontal (Figure 9c); as a result, the magnetic foliation orients near the dyke walls, and the magnetic lineation becomes horizontal (Figure 9h). If the horizontal flow is no longer possible for mechanical reasons, the magnetic foliation and magnetic lineation also may become vertical (Figure 9i). If the magma flow resembles the Binghamian liquid (Figure 9e), the magnetic foliation is parallel to the dyke walls, and the magnetic lineation is vertical (Figure 9j).



Model 2 (Figure 10a–e) assumes that a vertical dyke is vertically fed with magma, and the dyke walls move in a dip-slip way (Figure 10a). In the marginal areas, the basic orientations of magnetic foliation and magnetic lineation remain steep (Figure 10b). In the tip areas, the magnetic foliation deflects from the horizontal position, and the magnetic lineation remains more or less horizontal (Figure 10c). If the magma movement changes to horizontal, while the wall movements remain dip-slip oriented, the magnetic foliation may slightly deflect from the vertical, and the magnetic lineation may remain more or less horizontal if the shear movement is weak, or more or less vertical if the shear movement is relatively strong (Figure 10d). If the magma feeding magnetic foliation is vertical and oriented in a perpendicular way to the dyke, the magnetic lineation deflects from the vertical due to dip-slip movements, and the magnetic foliation does not substantially change its orientation (Figure 10e).



Model 3 (Figure 10f–j) assumes the same dyke, but with its walls making a strike-slip movement (Figure 10f). In the marginal parts, the magnetic foliation gradually deflects from the approximate parallelism to the dyke toward the perpendicularity to the dyke, and the magnetic lineation moves along the great circle from the vertical toward the horizontal (Figure 10g). In the tip parts, the magnetic foliation remains nearly horizontal, and the magnetic lineation gradually deflects from the dyke strike direction (Figure 10h). If the magma feeding direction is horizontal, the magnetic foliation remains more or less vertical, but deflects azimuthally from the dyke plane; the magnetic lineation remains nearly horizontal and rotates azimuthally from the dyke strike (Figure 10i). If the magma feeding magnetic foliation is vertical and oriented in a perpendicular way to the dyke, the magnetic lineation remains more or less vertical, and the magnetic foliation rotates azimuthally due to strike-slip movements (Figure 10j).



Model 4 (Figure 10k–o) considers the same dyke, but with its walls performing oblique shear movements (Figure 10k). In this case, the magnetic foliation and lineation show movements, combining the previous three models.



Based on the above outlined analysis on magma flow within dykes (with or without shear movements of the walls), the magnetic fabrics in different parts of the Dobříš dyke indicate analogies with some model types in Figure 9 and Figure 10. For example, the ipAMS fabrics in the D1 (Figure 7a) and D2 (Figure 7d) domains correspond to model 1 (Figure 9c,h), and those in the D5 and D6 domains (Figure 6) correspond to model 3 in Figure 10g,i,j, respectively. The AAMR fabric in the D1 domain (Figure 10b) is similar to that in model 3 (Figure 10j), and the fabric in the D2 domain (Figure 7e) corresponds to that of model 1 (Figure 9a). There is also an additional type showing both magnetic foliation and magnetic lineation perpendicular to the dyke, which is represented by the D3 domain (Figure 8a) and the D4 domain (Figure 8d). All this indicates that the magma movement must have been very complex.



Even though the magnetic fabric in the Dobříš dyke shows features in some domains that can be due to shear movements (corresponding to models 2 and 3), we cannot find the effects of these movements on the whole dyke. In our opinion, the above features are due to small-scale shear movements within the dyke, rather than overall dyke wall movements.



As indicated in Figure 6, the orientations of magnetic foliation poles and magnetic lineations across the dyke can be classified into seven domains (Figure 11). The two domains (D1, D2) with normal fabrics (magnetic foliation parallel to the dyke plane) are in contact with the D3 and D4 domains, which have inverse fabrics (magnetic foliation and lineation perpendicular to the dyke plane). The domains D5 and D7 with mixed fabrics between normal and inverse are located in areas in contact with surrounding siltstone, while the D6 domain, which has similar fabrics, is located in the central part of the dyke. The detailed textural relations and bulk rock chemistry of the rocks in domain D5 indicate that its composition is kersantite, and that it intruded first into the cold surrounding environment. We also showed that the formation of the dyke was evolved toward the central part, where new magma of more mafic composition intruded. Therefore, the fabrics of the marginal domains (D5 and D7) were controlled both by friction with the wall of the host siltstone, and by the movement of ascending magma.



Although the degrees of amphibolization and coarsening of the rocks increase inward, the original texture and bulk rock chemistry is not uniform in the central part of the dyke. This suggests that the whole dyke was fed by different portions of melt that intruded in different time intervals that were close to each other. The presence of the D6 domain with mixed magnetic fabrics in the central part of the dyke can be explained by reopening of the dyke on both sides of the D6 domain, where two normal and inverse domains occur. We assume that the D1 and D2 domains with vertical magnetic fabrics represent the younger portions of melt that penetrated the dyke after the D3 and D4 domains were partly solidified. Consequently, the magnetic minerals in the more viscous magma portions may have oriented by their longer dimensions perpendicular to the dyke, because the lengthening perpendicular to the dyke was compensated by the vertical escape of neighboring, less viscous magma.



The investigated dyke at Dobříš shows a rare phenomenon, viz. the occurrence of both normal and inverse magnetic fabrics within one dyke. The question arises of how it is possible that the magma movement in one dyke shows indications of both free flow (normal magnetic fabric) and forceful injection (intermediate or inverse magnetic fabric). Following the results of petrological and rock magnetism studies, the answer can be found in the strong inhomogeneity of the rocks, both compositionally and structurally. It may have happened that some portions of the ascending magma were more viscous than others. Consequently, the magnetic minerals in the more viscous magma portions may have oriented by their longer dimensions perpendicular to the dyke, because the lengthening perpendicular to the dyke was compensated for by the vertical escape of neighboring less viscous magma. The frequent oblique magnetic fabrics may represent transitions between the above two mechanisms.





8. Conclusions


The results of petrological and magnetic fabric investigations of a composite lamprophyre dyke from the Central Bohemian Dyke Swarm, showing domains with gradual change in composition and having normal and inverse magnetic fabrics, can be summarized as follows:



1. The composite dyke near Dobříš was formed by the intrusion of two subsequent magmas of kersantite and spessartite compositions, respectively. Both magmas were generated by partial mantle melting, but the former seemed to evolve from metasomatized mica-bearing peridotite. Kersantite occupies mostly the NE margin of the dyke, while the spessartite forms the central and SW parts of the dyke.



2. In addition to the changes in mineral composition and bulk rock chemistry, there is a gradual change in the grain size and degree of amphibolization that occurred in subsolidus conditions.



3. The dominant carrier of rock susceptibility and AMS is slightly oxidized magnetite, even though some other magnetic phases (represented by Fe–Ti oxides with different contents of Ti) are also present. As the AMS of magnetite is controlled by its grain shape, the rock AMS is controlled by the preferred orientation of magnetite by grain shape.



4. The magnetite is dominantly represented by relatively large MD grains, while the SD particles and the ultrafine magnetically viscous grains are present in very low amounts; the AMS is dominantly controlled by the preferred orientation of MD grains.



5. The overall courses of the magnetic parameters investigated across the dyke indicate the existence of two slightly differing sections, one between 0–500 cm, and the other between 500–1000 cm. These two sections may represent two magma pulses.



6. The magnetic fabric is normal, i.e., with magnetic foliation and magnetic lineation parallel to the dyke plane, in some domains of the dyke, inverse, i.e., with magnetic foliation and magnetic lineation perpendicular to the dyke plane, in some other domains, and oblique, with both magnetic foliation and lineation with respect to the dyke, in most domains.



7. The existence of the domains with both normal and inverse magnetic fabric within the dyke is ascribed to dramatically different mechanisms of magma movement in the respective domains. It is hypothesized that some portions of the ascending magma were more viscous than others. The magnetic minerals in the more viscous magma portions may have oriented by their longer dimensions perpendicular to the dyke, because the lengthening perpendicular to the dyke was compensated by the vertical escape of neighboring, less viscous magma.
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Figure 1. (a) Simplified geological map of the Bohemian Massif (b) detailed situation of the dyke near Dobříš. (c) Field scheme of NE–SW cross-section with schematic locations of samples for anisotropy of magnetic susceptibility (AMS) and petrological analysis. (d) Orientations of mesoscopic structural elements (equal area projection to lower hemisphere): intrusive contacts (1), cleavage (2), fault plane (slickensides) (3), bedding (4), The map (a) is compiled using [30]. 
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Figure 2. Photomicrographs of zoned lamprophyre dyke from Dobříš. (a–c) show minerals and textures of kersantite at the contact zone with the host siltstone. Note that the fine-grained matrix (a) contains phenocrysts of clinopyroxene (Cpx) and pseudomorphs of talc (ps) after olivine. (b) indicates ocellus filled by plagioclase, biotite, amphibole, and calcite (Cc). (c) is a detail of randomly oriented tabular grains of plagioclase, biotite, and amphibole. (d) Relatively coarse-grained matrix (about 80 cm from the contact zone) with large amphiboles containing or overgrowing clinopyroxene and pseudomorphs of talc. Note the zoning of plagioclase (Pl) in the matrix. (e) is from the central part of the dyke with large poikiloblasts of amphiboles with inclusions of clinopyroxene, plagioclase, and talc pseudomorphs. 
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Figure 3. Sample locations (open circles with numbers 1–39), bulk susceptibility, bulk density, percentage loss of susceptibility (XFD), degree of anisotropy of magnetic susceptibility (AMS) (P), and shape parameters (T) within the dyke. 
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Figure 4. Susceptibility vs. temperature curves for pilot specimens. (a) Heating curves for specimens showing Verwey transitions in low-temperature segments, (b) cooling curves for the same specimens, (c) heating curves for specimens showing paramagnetic hyperbola in the low-temperature segment, (d) cooling curves for the same specimens. 
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Figure 5. Field variation of in-phase (a) and out-of-phase, (b) susceptibility in pilot specimens. 
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Figure 6. Positions of samples and orientations of magnetic foliation poles and magnetic lineations in homogeneous domains within the dyke. Symbols of sampling points indicate the type of magnetic fabric within the sample (solid, red—normal, open; magenta—inverse, x; green—oblique fabric). The upper left corners of the diagrams show the domain numbers (with numbers of samples creating the individual domains in brackets). Dyke coordinate system, equal-area projection on lower hemisphere. 
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Figure 7. Domains D1 and D2 with normal magnetic fabric (a,d—anisotropy of the in-phase component of susceptibility, ipAMS; b,e—anisotropy of anhysteretic magnetic remanence, AAMR; c,f—out-of-phase component of susceptibility, opAMS). Dyke coordinate system, equal-area projection on lower hemisphere. 
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Figure 8. Domains D3 and D4 with inverse magnetic fabric (a,d—ipAMS; b,e—AAMR; c,f—opAMS). Dyke coordinate system, equal-area projection on lower hemisphere. 
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Figure 9. Schematic sketch of the magma flow and the AMS in the dyke without transcurrent movement of dyke walls. In a–d, the magma flow resembles the flow of the Newtonian liquid; in e, the magma movement resembles flow of the Binghamian liquid. a, b—vertical magma flow, c—change of vertical magma flow to horizontal flow, d—change from horizontal flow to vertical flow, f—orientations of magnetic foliation (great circles) and magnetic lineation (squares) in the marginal parts of the model a (dashed circles and close squares—left margin, dotted circles and open squares—right margin), g—magnetic foliation and lineation in the model b, h—magnetic foliation and lineation in the model c, i—magnetic foliation and lineation in the model d, j—magnetic foliation and lineation in the model e. Dyke coordinate system (x,y,z), equal-area projection on the lower hemisphere. Adapted from [5,7] using our own program for modeling magnetic particle orientations during flow and simple shear movements. 
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Figure 10. Schematic sketch of the magma flow and the AMS in the dyke showing various transcurrent movements of the dyke walls. (a–e)—vertical dextral shear, (f–j)—horizontal dextral shear, (k–o)—oblique shear. Equal-area projection on the lower hemisphere. Adapted from [5,7] using our own program for modeling magnetic particle orientations during flow and simple shear movements. 
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Figure 11. Locations of different domains with normal (open circles), inverse (solid circles), and oblique (crossed circles) magnetic fabrics across the lamprophyre dyke in Dobříš. 
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Table 1. Bulk rock composition of different rock varieties in the dyke.
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	Sample
	LR 1123
	LR 1145
	LR 1113





	Rock
	kersantite
	spessartite
	hornblendite



	SiO2
	48.05
	50.31
	45.78



	TiO2
	0.55
	0.71
	0.51



	Al2O3
	12.46
	15.43
	9.72



	Fe2O3*
	9.76
	8.62
	9.45



	MnO
	0.17
	0.15
	0.16



	MgO
	11.65
	9.25
	15.46



	CaO
	9.94
	8.31
	12.21



	Na2O
	1.27
	2.66
	0.87



	K2O
	1.57
	0.92
	0.89



	P2O5
	0.28
	0.18
	0.16



	LOI
	2.35
	2.70
	3.2



	Total
	98.05
	99.24
	99.41







Fe2O3* = total Fe as Fe2O3.
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