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Modeling of gravity and magnetic anomalies for the conditions of the Panagjurishte ore region
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Abstract.  The performed investigations are aimed towards receiving a summarized idea of the density and magnetic characteristics of the main rock types and the porphyry-copper ore bodies in the Panagjurishte ore region, and towards illustrating the modeling approach and the analysis of the possible gravity and magnetic anomalies.
The rocks that are composing the Panagjurishte ore region are well differentiated according to their density and magnetic permeability. The performed gravity and magnetic modeling is aimed towards two basic aspects : estimating the possible distribution of the gravity and the magnetic fields on the territory of the Panagjurishte ore region after taking into account the differentiation of the rocks according to their density and magnetic permeability, illustrated for the basaltic andesites ; modeling of the copper deposits, illustrated for the porphyry-copper ore bodies. 
The distribution of the gravity field for the density model of the basaltic andesites varies in a large interval and depends mainly on the anomaly causing residual density and on the depth from the surface. A well-expressed zoning of the ore mineralization and the hydrothermal changes for the porphyry-copper deposits is observed, with gradual changes starting from the interior zone, passing through the intermediate, and ending in the exterior zone. The performed modeling is illustrating the wide range of possibilities for the formation of positive or negative gravity anomalies, as well as for the gravity field compensation, dependent on the zoning peculiarities and the composition of the porphyry-copper ore bodies.

The basaltic andesites are characterized by an increased magnetic permeability. The distribution of the magnetic field for the summarized model shows, that for the normal for Bulgaria angle, two extremes are well exposed -  a maximum and a minimum. The presented metasomatic zoning has no practical influence over the magnetic permeability distribution and for this reason the ore deposits can be presented by a summarized magnetic anomalous body. The anomalous magnetic field is characterized by a low intensity.

Key words: modeling, gravity, magnetic anomalies, Panagjurishte ore region. 

Introduction
The ore mineralizations  in the Panagjurishte ore region are a product of the hydrothermal activity connected to an integrated Upper Cretaceous tectono-magmatic cycle, that is developed among the Paleozoic granites and the Precambrian crystalline complex [Bogdanov,B. 1987; Tokmakchieva,M. 1994; etc.]. The beginning of the cycle was the underwater volcanism, followed by the hypoabyssal  magmatism. The Upper Cretaceous magamatic rocks were exposed to an active propylitization and in the ore-surrounding area intensive processes of sericitization and of quartzitization took place, under the conditions of an increased hydrolysis.
The Paleozoic granites and the Precambrian crystalline complex (gneisses, schists, amphibolites and granite-gneisses) are the host medium for the volcanic and hypoabyssal rocks.
The performed investigations are aimed towards receiving a summarized idea of the density and magnetic characteristics of the main rock types and the porphyry-copper ore bodies in the Panagjurishte ore region, and towards illustrating the modeling approach and the analysis of the possible gravity and magnetic anomalies.

The summarized physical-geological models are developed for the possible range of changes in the anomaly bodies parameters (morphology and depth), and in accordance with the changes in the anomaly formatting values of their density and magnetic characteristics towards the embedding rocks.

The forward problem for the different models is solved by the application of algorithms and computing programs [Stavrev P., Raditchev R., 1990] developed in the Department of Applied Geophysics in the University of Mining and Geology “St. Ivan Rilski”, Sofia.
The application of different density and magnetic models is a basic requirement not only for the prognostication of possible gravity and magnetic anomalies in the studied region, but also for the correct interpretation of the existing anomalies in the measured fields.

Density and magnetic characteristics of the main rock types. 

The summarized data (according to Pishtalov,St.,etc. 1965 and our measurements) for the density and the magnetic permeability of the rocks that are composing the Panagjurishte ore region are presented in Table 1. The distribution of the above-mentioned  parameters is shown on Fig. 1. There is a considerable overlapping of the possible density variation boundaries for the different rock types, but nevertheless, one can observe a relatively well-expressed differentiation according to the average values of this parameter. 

Table 1.  Summarized data for the density ( [g/cm3] and the magnetic permeability ( [10-6 SI] of the rocks that are composing the Panagjurishte ore region (average parameter values calculated on the base of N rock samples).

	Age
	Facies
	Type of rocks
	( [g/cm3] / N
	( [10-6 SI] / N

	
	Intrusive 
	Diorite
	2,78   (N=64)
	1300   (N=64)

	
	(abyssal)
	Gabbro
	2,92   (N=58)
	5600   (N=54)

	
	
	Monazite
	2,81   (N=36)
	2100   (N=36)

	
	
	Granodiorite
	2,61   (N=47)
	240   (N=45)

	
	
	Diorite - ,
	
	

	
	
	Quartz-diorites - 
	2,62
	4800

	
	Hypoabyssal
	And granodiorite -
	(N=95)
	(N=94)

	
	
	Porphyrite
	
	

	Upper 
	
	Quartz-monazite-
	2,71
	45

	Cretaceous
	
	Diorite
	(N=68)
	(N=64)

	
	
	Andesite
	2,64 (N=532)
	3200 (N=483)

	
	
	Andesite tuff
	2,60   (N=23)
	2800   (N=23)

	
	
	Andesite tufaceous
	2,61
	2700

	
	Volcanic
	Breccia
	(N=182)
	(N=179)

	
	
	Basaltic andesite
	2,76   (N=18)
	4600   (N=18)

	
	
	Dacite
	2,56   (N=68)
	1900   (N=68)

	
	
	Dacite tufaceous
	2,55
	1700

	
	
	Breccia
	(N=28)
	(N=28)

	Paleozoic
	Intrusive
	Granitoidi
	2,61   (N=47)
	240   (N=45)

	Precambrian
	Metamorphic
	Gneisse
	2,71   (N=68)
	45   (N=67)


The distribution of the different rock types densities varies in a very large range - from 2,53 , up to 3,02 g/cm3 ( Fig.1 ). 
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Fig. 1.  Summarized data on the density (a) and the magnetic permeability (b) of the rocks that are composing the Panagjurishte ore region

A decreased value of the density is characteristic for the dacites and the dacite tufaceous breccia of the volcanic complex, that have an average density of 2,55-2,56 g/cm3. The monazite-diorites are separated by a higher average density of 2,71 g/cm3. For the granodiorites and the porphyrites of the hypoabyssal complex, as well as for the andesites of the volcanic facies, the average density is 2,61-2,64 g/cm3. The basaltic andesites are characterized by a relatively high density - the average value of the parameter is 2,76 g/cm3.The rocks of the Upper Cretaceous intrusive facies can be separated by their increased density values, as the average density for the diorites is 2,78 g/cm3 and for the gabbro - 2,92 g/cm3. For the gneisses of the metamorphic facies a relatively higher density is characteristic - average value of 2,71 g/cm3, if compared with the rocks of the volcanic and the hypoabyssal facies.

The metasomatic changes have a regular influence over the density of the hypoabyssal  and the volcanic rocks. The process of propylitization in the volcanic rocks is connected with an increased content of chlorite, epidot, albite, pyrite and calcite. These are minerals with relatively high density, which, for example, is up to 3,50 g/cm3 for the epidot. Respectively, the propylitization leads to a relative increase of the density. The processes of sericitization and of potassium feldspatization and biotitization are leading to a relative decrease of the subvolcanic rocks density.

The magnetic permeability of the rocks that are composing the Panagjurishte ore region also changes in a large interval - from practically non-magnetic members of the gneisses and the granodiorites, up to the high-magnetic gabbro that has a magnetic permeability of 7500.10-6 SI (Fig.1). The low magnetic permeability is characteristic for the granodiorites of the hypoabyssal complex ((av.= 240.10-6 SI)  Low to middle values for the average magnetic permeability have the dacites of the volcanic facies ((av.= 1900.10-6 SI) and the diorites of the intrusive facies ((av.= 1300.10-6 SI). In the three Upper Cretaceous facieses one can observe rock types characterized by relatively high magnetic permeability - the porphyrites of the hypoabyssal complex ((av.= 4800.10-6 SI), the andesites of the volcanic facies ((av.= 3200.10-6 SI), and the gabbro of the intrusive facies ((av.= 5600.10-6 SI). The basaltic andesites are characterized by increased magnetic permeability - (av.= 4600.10-6 SI.

Estimating the magnetic permeability of the ore deposits, one should take into account the fact that beside the preliminary conditions for the formation of the magmatic rocks, a considerable influence over the changes of the magnetic permeability have also the secondary hydrothermal-metasomatic and hypergenetic processes. They lead to the formation of new ferromagnetic minerals, or to the destruction of existing ferromagnetic minerals and respectively the formation of less magnetic ones. The analysis shows that for the conditions of the Panagjurishte ore region the dominating process is the destruction of existing ferromagnetic minerals and respectively the formation of less magnetic ones.
The performed gravity and magnetic modeling is aimed towards two basic aspects :

- Estimating the possible distribution of the gravity and the magnetic fields in the territory of the Panagjurishte ore region after taking into account the differentiation of the rocks according to their density and magnetic permeability. This is illustrated for the basaltic andesites ;

- Modeling of the copper deposits, illustrated for the porphyry-copper ore bodies. 

Gravity modeling. 
The rocks of the abyssal, the hypoabyssal, the volcanic and the metamorphic facieses, that are participating in the formation of the geological section of the Panagjurishte ore region, can be observed in different combinations [Tokmakchieva,M. 1994, etc.]. This fact makes difficult the composition of unified density models for the entire territory. However, the density differentiation of the main rock types shows that the most important influence over the gravity field formation have the dacites (with relatively decreased density) and the basaltic andesites, the diorites, the gabbro, the quartz-gabbrodiorites and the gneisses (with relatively increased density) - Table 1, Fig.1. The precise models - shape and dimensions of the anomalous bodies and anomalous density differences, vary in a large interval.
An example for the approach towards the formation of a precise model can be illustrated for the case of the performed study of the basaltic andesites that are participating in the formation of the geological section of the Panagjurishte ore region.
The basaltic andesites, as a volcanic facies, form lava flows and covers with different area dimensions and thickness (Fig. 2.a). They can be separated from the underlaying rocks, as well as from the covering rocks, if such are existing. These lava covers can be modeled as layers - horizontal parallelepipeds that have width - a , length - b and height - h .  They are situated on a depth - H from the surface (Fig. 2.b).
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Fig. 2.a.  Schematic idea of a lava flow.  1.Basaltic andesites ; 2. Host rocks.

Fig. 2.b. Summarized gravity and magnetic model of a lava flow.
We have performed modeling for the following section parameters : depending on the character of the host rocks - residual density (( = 0,05 - 0,25 g/cm3 ; H = 0 - 0,1 km. ; h = 0,3 - 1,0 km. ; b/a = 1 - 5 ; a/h = 5 - 20 ; and H/h = 0 - 0,40.
An example of the gravity distribution for a precise model with different residual densities of the anomalous bodies is illustrated in Fig.3.
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The intensity of the anomalous gravity field (x=0),depending  on the density difference for the illustrated model (Fig. 2.b) is shown on Fig 4. for  the value of  a/H = 50 .
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Fig.4  Intensity of the anomalous gravity field (x=0), depending on the density difference for the illustrated model (Fig.2.b) for the value of a/H=50: a. graphs parameter – a/h; b. graphs parameter – H/h.
The ore deposits in the Panagjurishte ore region are of two basic types : porphyry-copper and pyrite-copper. We are illustrating the approach towards the modeling of the porphyry-copper deposits. 

Regarded in a plan, the ore bodies are represented by interlacing veins with elliptic or round shape and a cylindrical or conical section. Their shape is very often determined by the character of the host intrusive stocks apical zone. The stockworks are 2-3 km long, with a width of 0,7-1,5 km and in the cases of a concentric structure they have a diameter of up to  1 km starting from the first hundred meters. The depth of formation of the porphyry-copper deposits is from 10-20 m up to 1,5-2 km. The vertical range of the ore bodies is 300-500 m and more. The ores are represented mainly by a thin net of quartz and quartz-feldspathic veins containing sulfides (with thickness from millimeters up to centimeters), as well as by ore injections and nests.

A well-expressed zoning of the ore mineralization and the hydrothermal changes for the porphyry-copper deposits is observed, with gradual changes starting from the interior zone, passing through the intermediate, and ending in the exterior zone [Bogdanov,B. 1987; Tokmakchieva,M. 1994; etc.]. A summarized idea of this zoning, hosted in the hypoabyssal bodies, is illustrated in Fig. 5.a. Three zones can be separated : interior - quartz-sericite metasomatites with injected copper ores; intermediate - chloritization; exterior - potassium feldspatization and biotitization for the porphyry-copper deposits and propylites for the pyrite-copper deposits. The ore content is decreasing from the interior towards the exterior zone. It should be mentioned, that this zoning is very well expressed for the deposits, where the ore formation is connected to the hypoabyssal magmatism, intruded into Paleozoic metamorphic and magmatic rocks (Ellatsite, Medet, etc.). The zoning is not so well expressed for the porphyry-copper deposits, that are connected to the Upper Cretaceous hypoabyssal magmatism, intruded into the Upper Cretaceous volcanic rocks (Tzar Assen, Asarel, etc.). It should be mentioned, that the zones are better expressed in the deposits of Ellatsite and Asarel, where the processes of density decrease reach down to 50 m . For the other deposits (Tzar Assen, Asarel, etc.) the changes connected to these processes reach down to 150m . In spite of  the existing peculiarities, the proposed summarized model is valid, as the depth from the surface - H  is varying in a large interval (Fig.5).

The density characteristics of the porphyry-copper deposits in the Panagjurishte ore region depends mainly on the metasomatic changes and is reflecting the deposits zoning (Fig. 5.a). The exterior zone is characterized with a relatively increased density towards the host medium. A lower density in different ratios is possible for the intermediate and interior zones (Fig. 5.b).   

Fig.5.a
A summarized scheme of the metasomatic and the ore zoning in the porphyry-copper deposits.
1. Host medium for the ore mineralization (intrusive rocks) ; 2. Propylites with vein polymetal mineralization, relatively high density towards the host medium (up to +0,3 g/cm3) ; 3. Potassium feldspatization and biotitization with mainly vein copper ores, relatively low density towards the host medium (up to -0,3 g/cm3) ; 4. Quartz-sericite metasomatites with injected copper ores, relatively low density towards the host medium (up to -0,5 g/cm3)

Fig.5.b.
Summarized density model of a porphyry-copper deposit.

The proposed summarized density model (fig.5.b) is based on the following initial preconditions :

· The porphyry-copper ore body is approximated to a parallelepiped. Regarded in a plan, the length of the section is 5-10 times bigger than its width, so the modeling is performed in a 2,5-D geometry. 

· The distribution of the ore body masses is from an aligned level on a  depth H and has a vertical width h1.

· The interior and intermediate zones of the ore body are summarized by a central parallelepiped that is characterized by a relatively low density and respectively a density differentiation towards the host medium:  - ((1.  The horizontal size is a1.

· The exterior zone of the ore body is situated symmetrically towards the central parallelepiped and is limited outside by the big parallelepiped that is approximating the porphyry-copper ore body. This zone is characterized by a relatively high density towards the host medium and respectively a density differentiation: +((2. The horizontal size is a2 and the depth towards the central parallelepiped is h2.

Computer calculations are performed for many different models with the model basic parameters varying in a wide range: ((1 - from 0,0 to -0,5; ((2 - from 0,0 to +0,5 ; a2/H  - from 1 to 100 ; ( = a2/a1 - from 5 to 1 ; a2/h2  - from 0,5 to 5 ; a2/h1  - from 1 to 15 .
An example of the gravity field distribution for specific models is illustrated on Fig.6. The formation of negative or positive anomalies, as well as the compensation of the gravity field is possible for different ratios ( between the density differences of the central (((1) and peripheral (((2) parallelepipeds.
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Fig.6.
Gravity field distribution for the following parameters of the summarized model:
 ( = a2/a1  = 2 ; a2/H = 10 ;  a2/h2  = 1,5 ; a2/h1  = 7,5 ; ((2 = 0,2 g/cm3 ; graphs parameter -
 ( = (-((1)/(+ ((2).
The dependence of the anomaly intensity along the ore body axis (g0 )  on the parameter ( = (-((1)/(+ ((2) is shown on Fig.7. The values of the gravity force g0 are linearly increasing with the increase of the parameter (. In the case of specific values for the parameter ( , the gravity field is compensated. A substantial influence has the ratio between the volumes of the central and the peripheral parts. This ratio is represented by the parameter ( = a2/a1  (Fig.7).  

The summarized analysis of the performed studies is illustrating the wide range of possibilities for the formation of positive or negative gravity anomalies, as well as for the gravity field compensation, dependent on the zoning peculiarities and the composition of the porphyry-copper ore bodies.
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Fig.7.
Intensity of the gravity force g0 anomaly along the model axis ( x = 0 ), depending on the parameter ( = (-((1)/(+ ((2) for two specific models: a - a2/H = 10; ((2 = 0,1 g/cm3; b - a2/H = = 100; ((2 = 0,2 g/cm3 ;  graphs parameter - ( = a2/a1 .
Magnetic modeling. 
The rocks participating in the formation of the Panagjurishte ore region are very well differentiated according to their magnetic permeability (Table 1, Fig.1). The gabbro has the highest values of this parameter. The magnetic permeability is relatively high for the porphyrites, the andesites and the basaltic andesites. The parameter has increased values for the diorites, dacites and monazite-diorites. As we have already mentioned, the rocks of the abyssal, the hypoabyssal, the volcanic and the metamorphic facieses, that are participating in the formation of the geological section of the Panagjurishte ore region, can be observed in different combinations. This fact makes difficult the composition of unified magnetic models for the entire territory. The precise models, for the different parts of the region, vary in a large interval. An example for the approach towards the formation of a precise magnetic model can be illustrated for the case of the performed study of the basaltic andesites that are participating in the formation of the geological section of the Panagjurishte ore region - the same case, as for the gravity modeling (Fig. 2). 

The study was performed for J = 500 - 2000 nT and the same geometrical parameters of the model:  H = 0 - 0,1 km. ;  h = 0,3 - 1,0 km. ;  b/a = 1 - 5 ;  a/h = 5 - 20 ; and H/h = 0 - 0,40.

An example of the distribution of the magnetic field for some precise values of the parameters is illustrated on Fig. 8.   On the graphs, for the normal for Bulgaria angle    (( = 60o), two extremes are well exposed - a maximum and a minimum. 
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Fig.8.
Magnetic field for the summarized model (Fig.2.b) with parameters :    a/H = 50 ; a/h = 10. Graphs parameter  -  J [nT] .
The maximum and the minimum values for the magnetic field, as a function of J for the model (Fig.2.b) with parameter : a/H = 5 is illustrated on Fig.9.

In the process of magnetic modeling of the porphyry-copper deposit of the Panagjurishte ore region, one should take into account the already mentioned fact, that a considerable influence over the changes of the magnetic permeability have the secondary hydrothermal-metasomatic and hypergenetic processes. They lead to the destruction of existing ferromagnetic minerals and respectively the formation of less magnetic ones. 

We should also mention, that the presented metasomatic zoning (Fig. 5a) has no practical influence over the magnetic permeability distribution and for this reason the ore deposits can be presented by a summarized magnetic anomalous body (Fig. 5b).
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Fig 9. The maximum and the minimum values for the magnetic field, as a function of J for the model (Fig.2.b) with parameter :   a/H = 5  a - graphs parameter a/h ;     b - graphs parameter H/h .

The anomalous magnetic field is characterized by a low intensity. 

Conclusions.

· The rocks that are composing the Panagjurishte ore region are well differentiated according to their density and magnetic permeability.

· The performed gravity and magnetic modeling is aimed towards two basic aspects:

- Estimating the possible distribution of the gravity and the magnetic fields in the territory of the Panagjurishte ore region after taking into account the differentiation of the rocks according to their density and magnetic permeability. This is illustrated for the basaltic andesites ;

- Modeling of the copper deposits, illustrated for the porphyry-copper ore bodies. 

· The distribution of the gravity field for the density model of the basaltic andesites varies in a large interval and depends mainly on the anomaly causing a residual density -  (( and on the depth from the surface -  H . 

· A well-expressed zoning of the ore mineralization and the hydrothermal changes for the porphyry-copper deposits is observed, with gradual changes starting from the interior zone, passing through the intermediate, and ending in the exterior zone. The performed modeling is illustrating the wide range of possibilities for the formation of positive or negative gravity anomalies, as well as for the gravity field compensation, depending on of the zoning peculiarities and the composition of the porphyry-copper ore bodies.

· The basaltic andesites are characterized by an increased magnetic permeability. The distribution of the magnetic field for the summarized model shows, that for the normal for Bulgaria angle     ((= 60o) , two extremes are well exposed -  a maximum and a minimum.

· The presented metasomatic zoning has no practical influence over the magnetic permeability distribution and for this reason the ore deposits can be presented by a summarized magnetic anomalous body. The anomalous magnetic field is characterized by a low intensity.
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Моделиране на гравитационни и магнитни за условията на Панагюрски руден район

Р. Радичев, Ст. Димовски, М. Токмакчиева
Резюме.  Целта на направените изследвания е да се даде обобщена характеристика на плътностните и магнитни свойства на основните видове скали и меднопорфирните орудявания в Панагюрския руден район и да се илюстрира подходът към моделирането и анализа на възможните гравитационни и магнитни аномалии.
Разпределението на плътността и магнитната възприемчивост на скалите, изграждащи Панагюрски руден район, варира в широки граници. Извършеното гравитационно и магнитно моделиране е в два аспекта: оценка на възможното разпределение на гравитационното и магнитното поле на територията на Панагюрски руден район при отчитане диференциацията на скалите по плътност и магнитна възприемчивост, илюстрирана за андезитобазалтите и моделиране на рудните находища, илюстрирано за меднопорфирните орудявания.

Разпределението на силата на тежестта за плътностния модел на андезитобазалти се изменя в широк диапазон, като зависи главно от аномалообразуващата плътност и дълбочината до смутителя. За меднопорфирните находища се наблюдава добре изразена зоналност на рудната минерализация, хидтотермалните изменения и плътността с постепенни преходи от вътрешна през средна към външна зона. Извършеното моделиране показва широк диапазон от възможности за формирането на положителни или отрицателни гравитационни аномалии, както и на компенсирано поле в зависимост от спецификата на зониране и веществения състав на меднопорфирните орудявания.

Андезитобазалтите се характеризират с повишена магнитна възприемчивост. Разпределението на магнитното поле за обобщения модел показва, че при нормално намагнитване се оформят два екстремума - минимум и максимум. Метасоматичното зониране на меднопорфирните находища практически не се отразява в разпределението на магнитната възприемчивост и находищата се представят като обобщен магнитен смутител. 
(





Fig. 3. Gravity field distribution for the following parameters of the summarized model : a/H = 50 ;  a/h  =10; graphs parameter - (( [g/cm3] 
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