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Abstract

:

Seafloor massive sulfide (SMS) deposits have attracted growing interest and become the focus of current seafloor mineral exploration. One key challenge is to delineate potential SMS accumulations and estimate their quantity and quality for prospective resource mining. Recently, geophysical electromagnetic methods which are routinely used for land-based mineral exploration are being adapted to detect and assess SMS occurrences by imaging their conductivity distributions. However, the rough seafloor topography and electrical anisotropy of the seafloor formations encountered in practical surveys pose challenges for reliable data interpretation, and recent studies have revealed that the rough bathymetry could cause measurable distortions. Here, we consider a fixed-offset marine controlled-source electromagnetic method (CSEM) for SMS exploration, and investigate the effects of electrical anisotropy of sedimentary formations through numerical simulations for marine CSEM surveys aiming at conductive targets in the shallow regions of the seafloor. Numerical results demonstrate that the presence of electrical anisotropy could impose significant influence on fixed-offset marine CSEM data and suggest that the distortions should be sufficiently accounted for reliable data interpretation, thus lending confidence to subsequent quantification of available SMS minerals.
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1. Introduction


The rapid development of a growing number of emerging economies has motivated continuing prospecting and exploration efforts for alternative resources to meet ever-growing global demand for minerals and materials. Marine mineral deposits are increasingly considered as potential resources for economically valuable metals such as manganese, copper, lead, zinc, gold, and silver [1]. Among the various types of marine resources, the seafloor massive sulfide (SMS) deposits have attracted growing economic interest and become the focus of current seafloor mineral exploration as they accommodate a large amount of base metals [2,3,4,5]. For example, the total amount of copper and zinc is estimated on the order of 3 × 107 tonnes in easily accessible SMS deposits [6].



SMS deposits are generated from high-temperature hydrothermal fluid interacting with cold seawater due to active hydrothermal activities [1]. A large number of SMS deposits have been discovered in many tectonically active areas such as back-arc spreading systems and submarine neovolcanic zones along the mid-ocean ridges [1,6]. Although active SMS deposits can be easily found using geochemical sensors or sonar systems mounted on remotely operated vehicles (ROVs) to detect the so-called black smokers produced by hot hydrothermal fluids [7], SMS deposits that are no longer connected to active vent systems or buried SMS occurrences may be difficult to identify using the presently available methods because they are usually covered by seafloor sediments and do not show detectable emissions. However, it is believed that these SMS deposits contain a large amount of high-grade polymetallic minerals, and their explorations are critical for the assessment of the quantity and quality of SMS deposits for prospective resource mining [2,8].



To identify unknown SMS deposits and delineate their extent, new remote exploration technologies are necessary. Petrophysical analysis reveals that SMS ore deposits have distinct physical properties from their surrounding unmineralized rocks [9,10], which make them ideal targets of geophysical exploration. Since SMS deposits typically accumulate high-grade metalliferous minerals and clays, they usually show significant electrical resistivity anomalies compared to the unmineralized host rocks [5,9,11]. Based on this strong conductivity contrast, geophysical electromagnetic (EM) methods which are routinely used in land-based mineral exploration are perceived as ideal and cost-effective tools for SMS exploration. Although the idea of applying EM methods to detect SMS deposits has been introduced for decades [12], the focus of marine EM surveys has been on seafloor resistive targets associated with hydrocarbon reservoirs or gas hydrates within the last decades [13,14,15], and suitable marine EM systems for SMS exploration are still in active development [3,11]. Until recently, several pilot EM surveys have been conducted to detect the structures of SMS and demonstrated their applicability in SMS exploration (e.g., [2,4,5,7,16,17,18,19,20].



Although present SMS exploration mainly focuses on potential targets with surface expressions such as the black smokers or shallowly targets along the mid-ocean ridges [3,4,5], buried SMS accumulations are believed to host a large amount of minerals and considered more prospective from a resource point of view [8]. For example, SMS accumulations associated with the hydrothermal fluid circulation in subduction zones are often covered by thick sequences of sediments [21,22], and recent study has revealed deep-seated SMS layers in the continental back-arc basin zones [20]. It is well known that seafloor formations often exhibit a certain degree of electrical anisotropy due to illuviation, compaction, layering, or aligned anisotropy grains [23]. Additionally, the resolving power of geophysical EM methods may be greater than the characteristic dimensions of some seafloor structures, leading to the so-called macroscopic electrical anisotropy as a result of small-scale petrophysical variations [24,25].



The presence of electrical anisotropy may cause measurable distortions in the acquired EM data and suppress the responses of potential SMS deposits, thus deteriorating the ability of marine CSEM for SMS exploration, especially aiming at deep-seated SMS deposits. When interpreting these data, neglect or insufficient consideration of the distortions introduced by electrical anisotropy may result in unreliable or even misleading data interpretation. The influence of electrical anisotropy on marine EM data has been investigated by many studies e.g., [26,27,28,29]. On one hand, most of these studies put an emphasis on simple anisotropic structures such as vertical transverse isotropy (VTI) and axial anisotropy. However, more complicated anisotropic structures are often encountered due to faulting activities caused by volcanic intrusions. Recent modeling studies have demonstrated titled transverse isotropic (TTI) formations could cause a significant impact on marine EM data, and the VTI assumption could not sufficiently account for the effects of dipping anisotropy [30,31,32]. On the other hand, these studies focus on exploration for deep resistive targets associated with marine hydrocarbon reservoirs where stationary ocean-bottom electromagnetic (OBEM) receivers record the EM fields excited by a deep towed transmitter. In contrast, the SMS deposits represent relatively conductive targets embedded in resistive surrounding host units and, additionally, are often accumulated at shallow depths beneath the seafloor.



From a geophysical view, all possible factors contributed to acquired EM data should be carefully analyzed for reliable data interpretation. Recent studies have revealed that the presence of topography [4] and navigational errors [33] could lead to misleading results if ignored when interpreting marine CSEM data for SMS exploration. In this study, we numerically simulate marine CSEM experiments that are aimed at the detection of deep-seated conductive SMS targets in the shallow regions of the seafloor and investigate the effects of electrical anisotropy, which could be another important factor affecting data interpretation if seafloor formations are characterized by electrical anisotropy. To this end, we consider a fixed-offset CSEM system with a deep-towed transmitter and a receiver recording electric fields [34], as shown in Figure 1. It has been demonstrated that this kind of system could improve the resolution of marine CSEM in shallow regions of the seafloor compared to the conventional CSEM system that employs stationary OBEM receivers [35]. In doing so, we first develop a finite element (FE) modeling scheme to accurately simulate 3-D CSEM responses in formations characterized by electrical anisotropy. Since bathymetric variations can cause measurable distortions in CSEM responses, the use of unstructured tetrahedral mesh that allows for the precise description of rough seafloor topography is preferable [4]. Following that we apply the developed 3-D modeling method to examine the influence of electrical anisotropy upon fixed-offset marine CSEM data. Finally, we demonstrate that the presence of electrical anisotropy could cause significant distortions, and the neglect or insufficient consideration of the electric anisotropy if present might cause unreliable data interpretation, thus may lead to erroneous estimation of the amount of available SMS minerals based on biased interpretation.




2. CSEM Modeling Approach


We develop a FE method for 3-D marine CSEM simulation in arbitrarily electrical anisotropic media. Specifically, in the frequency range used for typical marine CSEM surveys, the electric field E and magnetic flux B obey the respective Faraday’s law and Ampere’s law for a 3-D distribution of anisotropic electrical conductivity     σ _  _    excited by an impressed current source     J  s   


  ∇ ×  Ε  = − i ω  B  ,  



(1)






  ∇ ×  μ 0  − 1    B  =   σ _  _   Ε  +   J  s  ,  



(2)




where μ0 is the magnetic permeability that is assumed to be constant over the domain, ω is the angular frequency. For a general anisotropic medium, the electrical conductivity is a 3 × 3 tensor


    σ _  _  =  (       σ  x x        σ  x y        σ  x z          σ  x y        σ  y y        σ  y z          σ  x z        σ  y z        σ  z z        )  .  



(3)




which is symmetric and positive definite. Hence, there are up to six independent components of the tensor for a general anisotropic case. Alternatively, the anisotropic conductivity tensor in Equation (3) can be represented using three principal conductivity values and three Eulerian angles by means of Euler transformation [36]:


    σ _  _  =   R  T  ( γ )   R  T  ( β )   R  T  ( α ) diag {   σ ′  x  ,   σ ′  y  ,   σ ′  z  }  R  ( α )  R  ( β )  R  ( γ ) ,  



(4)




where     σ ′  x   ,     σ ′  y    and     σ ′  z    are the principal conductivity values in the principal-axes reference coordinate system. The diag{·} represents a diagonal matrix, and the rotation matrices R(α), R(β) and R(γ) are defined by


   R  ( α ) =  (    cos α   − sin α   0     sin α   cos α   0     0   0   1    )  ,  R  ( β ) =  (    1   0   0     0   cos β   − sin β     0   sin β   cos β    )  ,    R  ( γ ) =  (    cos γ   − sin γ   0     sin γ   cos γ   0     0   0   1    )  ,  



(5)




where α, β, γ denote the anisotropic strike, dip, and slant angels, respectively.



By taking the curl of Equation (1) and inserting into Equation (2), a second-order electric field Helmholtz equation is obtained [37]


  ∇ × ∇ ×  E  + i ω  μ 0   σ =   E  = − i ω  μ 0    J  s   



(6)







In Equation (6), the term involving the conductivity decays linearly with frequency. As a consequence, the numerical solution of Equation (6) does not ensure conservation of the currents at low frequencies due to vector parasites [38]. In this situation, the electric field could be maintained by enforcing the continuity equation


  ∇ ⋅   σ _  _   Ε  = − ∇ ⋅   J  s  .  



(7)







To ensure the divergence condition Equation (7) hold while solving Equation (6), the electric field can be represented using potentials by the means of Helmholtz decomposition


   E  = − i ω  A  − ∇ ϕ .  



(8)




where A is the vector potential and ϕ the scalar potential, they are also known as the magnetic and electric potentials, respectively. Inserting Equation (8) into Equations (6) and (7) leads to


  ∇ × ∇ ×  A  +  μ 0    σ _  _  ( i ω  A  + ∇ ϕ ) =  μ 0    J  s  ,  



(9)






  ∇ ⋅   σ _  _  ( i ω  A  + ∇ ϕ ) = ∇ ⋅   J  s  .  



(10)







Although the potential formulation consisting of Equations (9) and (10) is not complete without a gauge implying the solved potentials are not unique, the solutions of the electric field of interest are unique. Therefore, we do not implicitly enforce a gauge to the potential formulation. To ensure the uniqueness of the electromagnetic field, we impose following homogeneous Dirichlet boundary conditions on the outer boundary Γ of a computational domain Ω:


   n  ×  A   |    Γ    =  0  ,   ϕ  |    Γ    = 0 .  



(11)




where n is the unit normal vector on the boundary.



A numerical solution to the boundary value problem (Equations (9)–(11)) over the finite computational domain Ω is derived by the use of the FE method [39,40], in which the problem of solving the differential Equations (9) and (10) is replaced by that of solving its equivalent weak form. Applying the method of weighted residuals to Equations (9) and (10) results in the weak form (see [41] for details):


     ∫ Ω   ( ∇ ×  W  ) ⋅ ( ∇ ×  A  ) d Ω    + i ω  μ 0     ∫ Ω    W  ⋅ (   σ _  _   A  ) d Ω    +  μ 0     ∫ Ω    W  ⋅ (   σ _  _  ∇ ϕ )    d Ω =  μ 0     ∫ Ω    W  ⋅      J  s  d Ω ,  



(12)






  i ω    ∫ Ω   ∇ v ⋅ (   σ _  _   A  ) d Ω +    ∫ Ω  ∇   v ⋅ (   σ _  _  ∇ ϕ ) d Ω = −    ∫ Ω  v   ∇ ⋅   J  s  d Ω    ,  



(13)




where W is the weighting function.



To discretize Equations (12) and (13), the computational domain Ω is first tessellated by a set of unstructured tetrahedral elements [42]. Then the vector and scalar potentials at a point (x, y, z) inside a tetrahedral element are approximated by a linear combination of vector and scalar basis functions, respectively. Here, piecewise linear polynomials defined on the edges and nodes are, respectively, used for vector and scalar basis functions. Therefore, the potentials within a tetrahedral element are represented as


   A  ( x , y , z ) =   ∑  i = 1  6     Ν  i e  ( x , y , z )  A i e    ,  



(14)






  ϕ ( x , y , z ) =   ∑  j = 1  4    Ν j n  ( x , y , z )  ϕ j n     



(15)




where     Ν  i e    and    Ν j n    are the edge and nodal basis functions associated with each edge i and each node j of the corresponding tetrahedral element, respectively. The coefficients    A i e    and    ϕ j n    are the unknowns to be determined, namely, degrees of freedom (DOF) shown in Figure 2.



Substituting these linear polynomials into Equations (12) and (13), and applying Galerkin’s approach [40] where the weighting functions are chosen to be equal to basis functions results in a large linear system of complex equations


   M u  =  S  ,  



(16)




where M is a sparse symmetric complex matrix, u is the vector of unknowns associated with nodes and edges of the tetrahedral elements, and S is the vector from volume integration of the source terms over the mesh. The linear system of Equation (16) is solved iteratively using the quasi-minimal residual method (QMR) with an incomplete LU preconditioning [43].




3. Numerical Experiments


3.1. Validation of the Modeling Scheme


An important step before quantitative predictions of the anisotropic effects on CSEM responses is to validate the accuracy of the solutions obtained by the modeling approach described above. In doing so, we compared the results predicted by our FE modeling scheme with quasi-analytic solutions for a one-dimensional layered anisotropic model [44].



The model shown in Figure 3 represents a simplified model for an inactive SMS deposit in a deep-water environment, where a conductive sulfide layer of 10 S/m is buried under an overburdened sediment layer and overlies a resistive basaltic basement with a conductivity of 0.2 S/m. The overburden sediment layer is assumed to be anisotropic, whose horizontal and vertical conductivities are 1.0 S/m and 0.25 S/m, respectively. To simulate marine CSEM experiment, we assume that a horizontal electric dipole (HED) source is located at 80 m above the seafloor, and a receiver with variable offset is positioned 30 m above the seafloor. Figure 4 shows the comparison of electric fields between the results predicted by FE modeling scheme and quasi-analytic solutions at different transmitter-receiver (Tx-Rx) offsets for a broad range of source frequencies. It is observed that the maximum differences in amplitudes are less than 3% and 2%, and the maximum phase differences are less than 2° and 1.5° for Ex and Ez components, respectively. The excellent agreement between these solutions demonstrates the accuracy of the FE modeling, thus ensuring the reliability of forthcoming numerical simulations quantifying the effects of electrical anisotropy.




3.2. SMS Model Studies


In this section, we consider a saddle-shaped model to simulate a simplified deep-seated SMS deposit hosted within a continental backarc basin [22], as displayed in Figure 5. A conductive reservoir is introduced to represent buried SMS accumulations. A sedimentary cover of 40 m thick from the top the SMS deposit to the seafloor is characterized with low-permeability and acts as a cap structure to prevent vertical upward migration of hydrothermal fluids, and the sedimentary sequences were uplifted by the volcanic intrusion that forms the submarine knoll [22]. For synthetic modeling studies, we apply a fixed-offset marine CSEM system to simulate the field response. The x-oriented HED transmitter is towed 60 m above the flat seafloor and its elevation is kept constant along the surveying lines. The receiver recording electric fields is located laterally behind the transmitter with an offset of 300 m along the surveying lines.



To investigate the field response of the buried SMS deposit and effects of electrical anisotropy, we simulate the response of the applied CSEM system for four different conductivity models shown in Figure 6. The first model, termed as model 1 in Figure 6a, represents a submarine volcanic knoll without an associated SMS deposit, while the second model (model 2 in Figure 6b) introduces an SMS deposit filling up the knoll. Petrophysical study has revealed that the conductivities of SMS deposits generally vary from 1 to 10 S/m, which are much higher than that of the surrounding volcanic rock [9]. Therefore, we assume that the volcanic body is relatively resistive and has a conductivity of 0.2 S/m, while the conductivity of the SMS deposit is 10 S/m. The sedimentary cover in both models has an isotropic conductivity of 1 S/m [45]. In comparison, the third model (model 3 in Figure 6c) assumes that the sedimentary cover is characterized by weak VTI due to layering or interbedded thin sequences [24]. By contrast, the fourth model (model 4 in Figure 6d) assume that the sedimentary sequence at the flanks of the knoll is characterized by TTI due to the uplifting caused by volcanic intrusions. The sedimentary cover has a horizontal conductivity of 1 S/m and a vertical conductivity of 0.5 S/m, while the flanks in model 4 have an additional dip angle of ±15°.



Figure 7 and Figure 8 demonstrate the amplitude and phase of computed inline (Ex) and vertical (Ez) electric field components for four investigated conductivity models (model 1 to 4) at 2 Hz, respectively. The amplitude distributions displayed in the first column of Figure 7 illustrate obvious filed perturbations due to the presence of the volcanic structure. The second column of Figure 7 shows the amplitude variations caused by the conductive SMS deposit compared to the response of model 1. The third and fourth columns of Figure 7 display additional field perturbations due to electrical anisotropy. To highlight the influence of the SMS deposit, Figure 9 shows the normalized amplitude response (NAR) and phase difference between the model 1 and model 2, and significant amplitude and phase differences are observed within regions of the conductive reservoir. Although the absolute amplitude of Ez component is much smaller than that of Ex (Figure 7), there is nearly a factor of three perturbations in Ez amplitudes (Figure 9b) and 80° variations in Ez phases (Figure 9d), while there is merely a maximum of 50% difference in Ex amplitudes (Figure 9a) and 20° variations in Ex phases (Figure 9c). The significant differences in the NAR of Ex and Ez components imply that the vertical electric field is more sensitive to the perturbations of the conductivity model and is more informative than the inline electric field for laterally heterogeneous structures.



Figure 10 shows the NAR of model 3 with respect to models 1 and 2. The NAR with respect to model 1 (the top panel) represents a combined effect of the conductive SMS deposit and the VTI sedimentary layer. Compared to Figure 8, it is obvious that the presence of the VTI overburden layer affects both electric field amplitudes, but to a different extent. The amplitude differences in the inline field (Ex) reduce about by half compared to that of the isotropic model, making the buried SMS deposit difficult to detect with conventional CSEM survey that utilizes ocean bottom receivers that only record the inline fields. The bottom panel of Figure 10 illustrates the NAR with respect to model 2 that highlights the effects of the electrical anisotropy alone. An apparent increase in both field amplitudes is present within the regions of the conductive reservoir, which implies that the presence of electrical anisotropy in sedimentary formations could mask the responses of the conductive reservoir to some extent, and may lead to underestimation of the SMS anomalies if the anisotropy of the overburden layer is neglected. Figure 11 demonstrates the corresponding phase difference of model 3 with respect to models 1 and 2. The presence of electrical anisotropy has an adverse effect on the Ex and Ez fields, where the phase of Ex (Figure 11c) increases slightly while the phase of Ez (Figure 11d) has a moderate drop.



To evaluate the effects of the TTI anisotropy presented in the flanks of the saddle structure, Figure 12 displays the NAR and phase difference of model 4 with respect to model 3. In contrast to the VTI case, the presence of TTI in both flanks of the saddle structure has a complex influence on the amplitudes within the regions of the conductive reservoir. Although the dip angle of the flanks is quite small (±15°), the maximum amplitude and phase differences in the Ez response between VTI and TTI case reaches nearly 10% (Figure 12b) and 4° (Figure 12d), respectively. This suggests that it could result in an erroneous estimation of the SMS anomalies if the electrical anisotropy is not sufficiently considered.





4. Summary and Conclusions


SMS deposits that have been disconnected to active hydrothermal vents are believed to host a large amount of minerals for prospective mining. Usually, these inactive SMS deposits are likely to be masked by sediments and difficult to be identified. We have developed a finite element modeling approach for marine CSEM surveys for the exploration of SMS deposits. Through numerical simulations, we have confirmed that a fixed-offset marine CSEM method is capable of detecting conductive SMS deposits buried in the shallow regions of the seafloor, as demonstrated by previous studies [4,5,11]. Besides, the results of numerical modeling suggest that the vertical electric fields are more sensitive to small-scale conductivity anomalies than inline electric fields, and contain more information about seafloor conductivity structures. However, they are more susceptible to the distortions caused by the presence of electrical anisotropy in geologic formations, which may bias the data interpretation if the anisotropy is neglected or insufficiently considered.



The 3-D modeling studies illustrate the data acquired by a fixed-offset marine CSEM system are significantly affected by the electrical anisotropy. When the overburden layer is characterized by VTI, the vertical electric field amplitudes have a pronounced increase compared to the isotropic overburden case, and the distortions caused by the anisotropy could mask the CSEM response from the SMS deposits. In these circumstances, the neglect of anisotropic effects would lead to underestimation of the total amount of available SMS deposits based on biased interpretation. In contrast, when the overburden layer is partly characterized by TTI, the vertical electric field amplitudes have a slight increase compared to the VTI overburden case. This implies that insufficient consideration of electrical anisotropy might introduce additional uncertainty in the data interpretation.



Due to the small-scale nature, the SMS deposits masked by sediments are usually difficult to detect. Although our forward modeling studies demonstrate the effectiveness of the fixed-offset marine CSEM method used for SMS exploration, distortions caused by factors such as the bathymetry and electrical anisotropy in practical scenarios may hamper accurate interpretation. Hence, sufficient consideration of electrical anisotropy along with bathymetry are desirable for reliable interpretation of marine CSEM data, thus lending confidence to the estimation of the total amount of available SMS deposits for prospective resource mining.
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Figure 1. Schematic representation of the fixed-offset controlled-source electromagnetic method (CSEM) system [34] applied in exploration of seafloor massive sulfide (SMS) deposits. A horizontal electric dipole source is towed close to the seafloor, and the electromagnetic fields are recorded by receivers towed behind the transmitter. 
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Figure 2. Degrees of freedom associated with a tetrahedral element. The vector potential is constructed by linear interpolation of the tangential component on each edge, while the scalar potential is constructed by linear interpolation of the scalar value on each node. 
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Figure 3. A deep-water layered anisotropic model with a conductive SMS layer covered by seafloor sediments. 






Figure 3. A deep-water layered anisotropic model with a conductive SMS layer covered by seafloor sediments.



[image: Minerals 10 00457 g003]







[image: Minerals 10 00457 g004 550] 





Figure 4. Comparison between the finite element (FE) (symbols) and quasi-analytic (lines) solutions for the deep-water layered anisotropic model. Amplitude (a) and phase (b) of the Ex and Ez components denoted by circles and squares, respectively. Corresponding relative amplitude errors (c) and phase differences (d) between the FE and quasi-analytic solutions. 
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Figure 5. Illustration of a saddle model used for 3-D forward modeling studies, water depth is 2000 m. (a) 3-D view of the saddle structure. (b) Schematic of the model dimensions in the x-z plane at y = 0 m. 
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Figure 6. 2-D cross-section (x-z plane) through the submarine knoll center of the four 3-D conductivity models investigated in forward modeling studies. During the survey, the CSEM system is towed from left to right along the surveying line with the transmitter on the right. The four considered conductivity models are illustrated in (a–d). 
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Figure 7. Amplitude of the inline electric fields at a frequency of 2 Hz for four considered models (model 1 to 4) are displayed in (a–d), and amplitude of the vertical electric fields in (e–h). Note that the fields are plotted at the midpoint of the transmitter and receiver. 
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Figure 8. Phase of the inline electric fields at a frequency of 2 Hz for four considered models (model 1 to 4) are displayed in (a–d), and phase of the vertical electrical fields in (e–h). Note that the fields are plotted at the midpoint of the transmitter and receiver. 
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Figure 9. The normalized amplitude response of model 2 with respect to model 1 is calculated for Ex (a) and Ez (b), and corresponding phase difference for Ex (c) and Ez (d). 
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Figure 10. The normalized amplitude response of model 3 with respect to model 1 is calculated for Ex (a) and Ez (b), and that of model 3 with respect to model 2 for Ex (c) and Ez (d). 
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Figure 11. The phase difference of model 3 with respect to model 1 is calculated for Ex (a) and Ez (b); and that of model 3 with respect to model 2 for Ex (c) and Ez (d). 
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Figure 12. The normalized amplitude response of model 4 with respect to model 3 is calculated for Ex (a) and Ez (b), and corresponding phase difference for Ex (c) and Ez (d) to quantify the effects of dipping electrical anisotropy. 
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