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Abstract 13 

 Z-axis tipper electromagnetic (ZTEM) and broadband magnetotelluric (MT) data were 14 

used to determine three-dimensional (3-D) electrical resistivity models of the Morrison porphyry 15 

Cu-Au-Mo deposit in British Columbia. ZTEM data are collected with a helicopter, thus 16 

allowing rapid surveys with uniform spatial sampling. Ground-based MT surveys can achieve a 17 

greater exploration depth than ZTEM, but data collection is slower and can be limited by 18 

difficult terrain. The airborne ZTEM tipper data and the ground MT tipper data show good 19 

agreement at the Morrison deposit despite differences in the data collection method, spatial 20 

sampling and collection date. Resistivity models derived from individual inversions of the 21 

ZTEM tipper data and MT impedance data contain some similar features, but the ZTEM model 22 

appears to lack resolution below a depth of 1 km and the MT model suffers from non-uniform 23 

and relatively sparse spatial sampling. The joint ZTEM-MT inversion solves these issues by 24 

combining the dense spatial sampling of the airborne ZTEM technique and the deeper 25 

penetration of the lower frequency MT data. The resulting joint resistivity model correlates well 26 

with the known geology and distribution of alteration at the Morrison deposit. Higher resistivity 27 

is associated with the potassic alteration zone and volcanic country rocks, whereas areas of lower 28 

resistivity agree with known faults and sedimentary units. The pyrite halo and ≥0.3 % Cu zone 29 

have the moderate resistivity that is expected of disseminated sulfides. The joint ZTEM-MT 30 

inversion provides an improved resistivity model by enhancing the lateral and depth resolution of 31 

resistivity features compared to the individual ZTEM and MT inversions. This case study shows 32 

that a joint ZTEM-MT approach effectively images the interpreted mineralized zone at the 33 

Morrison deposit and could be beneficial in exploration for disseminated sulfides at other   34 

porphyry deposits. 35 
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1. Introduction 39 

 40 

 Electromagnetic (EM) geophysical surveys are widely used to detect metallic sulfide 41 

deposits based on their electrical resistivity contrasts with the host rock. Massive sulfides 42 

typically have low resistivity values of 0.1 – 1 Ωm (Palacky, 1988) that are readily detected with 43 

the time domain electromagnetic method (TDEM). Deposits containing disseminated sulfides, 44 

where the sulfide minerals occur as individual grains within the rock matrix, have a higher 45 

resistivity and smaller resistivity contrasts with the host rock that may not be easily detected with 46 

TDEM since limited electric current is induced in the more resistive target (Kaminski et al., 47 

2010; Paré and Legault, 2010). Thus detection of disseminated sulfides based on resistivity 48 

contrasts benefits from the use of frequency domain EM methods that can detect targets with a 49 

higher resistivity, which often means a lower resistivity contrast with the host rock. Methods that 50 

can be used include the ground-based magnetotelluric (MT) technique which measures naturally-51 

occurring electric and magnetic fields to determine subsurface resistivity at greater depths than 52 

controlled source techniques. However, the electric field sensors in an MT survey require ground 53 

contact, so MT surveys are more time consuming and cannot easily achieve the same spatial 54 

coverage as airborne EM (AEM) methods. The airborne Z-Axis Tipper Electromagnetic (ZTEM) 55 

method is described by Lo and Zang (2008), and is a development of the Audio-Frequency 56 

(AFMAG) technique originally proposed by Ward (1959). The ZTEM technique only uses 57 

magnetic field measurements and can thus be made from an airborne platform. However, the 58 

lack of electric field data means that ZTEM is not as sensitive as MT impedance data to absolute 59 

resistivity values. In addition, tipper data is non-zero only in the presence of lateral changes in 60 

resistivity (i.e. 2-D or 3-D resistivity structures). Combining the greater depth of penetration of 61 
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MT with the high spatial sampling of airborne ZTEM data has the possibility to produce an 62 

improved exploration strategy (Holtham, 2012). 63 

 64 

 This paper describes a case study of how MT impedance and ZTEM tipper data can be 65 

jointly used in mineral exploration. As the ZTEM and MT techniques share similarities in 66 

processing and inversion, there have been several previous studies of simultaneously inverting 67 

these data to obtain an improved resistivity model (Holtham, 2012; Sasaki et al., 2014; 68 

Wannamaker and Legault, 2014; Sattel and Witherly, 2015). ZTEM case studies have been 69 

published for several types of mineral deposits including porphyry Cu, massive sulfide, and 70 

unconformity uranium, and there is interest in incorporating additional geophysical information 71 

to further improve the ZTEM results (Kaminski et al., 2010; Paré et al., 2012; Orta et al., 2013, 72 

Hübert et al., 2015; Legault et al., 2016). This paper focuses on porphyry deposits because their 73 

geophysical signatures can vary greatly depending on the local geology and erosion history. 74 

Previous studies have shown that these deposits could have a distinct electrical resistivity 75 

signature from their host rock. 76 

 The Morrison porphyry Cu-Au-Mo deposit in British Columbia, Canada, was chosen for 77 

this study because a ZTEM dataset was available, the deposit was accessible for a ground-based 78 

MT survey, and the mineralization is known to extend to a depth of at least 400 m (Simpson, 79 

2007) providing a realistic test of the penetration depth of MT and ZTEM data. After completion 80 

of the MT survey, the MT and ZTEM data were separately and jointly inverted to obtain 81 

electrical resistivity models. These models show that data from these methods can be used to 82 

map electrical resistivity contrasts associated with porphyry Cu deposits. The individual 83 
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inversions of ZTEM tipper and MT impedance data resulted in resistivity models with similar 84 

features even though the datasets differ in acquisition, frequency range, and spatial sampling.  85 

 Past studies have shown that different types of geophysical data need to be appropriately 86 

weighted in a joint inversion (Mackie et al., 2007; Commer and Newman, 2009). This ensures 87 

that the resulting model is not biased by a disparity in data quantity or resolution. In this case 88 

study of the Morrison deposit the total number of ZTEM data points is two orders of magnitude 89 

greater than the number of MT data points. The ZTEM and MT data were assigned different 90 

weights to achieve a comparable data fit and to derive a resistivity model that was consistent 91 

with both datasets. 92 

 93 

2. Electrical Resistivity of Porphyry Deposits 94 

 95 

 Porphyry Cu deposits are mostly formed by hydrothermal fluids exsolved from arc 96 

magmas emplaced in the upper crust above subduction zones (Sillitoe, 1972, 1973, 2010; 97 

Richards, 2003; Cooke et al., 2005). The magmas in this setting originate from partial melting of 98 

the metasomatized mantle wedge between the subducting oceanic plate and overriding plate. 99 

Voluminous emplacement of these hydrous, moderately oxidized arc magmas in mid- to upper 100 

crustal batholithic intrusions results in volatile saturation and partitioning of Cu and other metals 101 

(Mo ± Au) into a saline hydrothermal fluid phase. Metals are precipitated as sulfide minerals to 102 

form ore deposits where ascent of these fluids is focused into narrow cupola zones extending 103 

from a few kilometers depth above the source batholith to subvolcanic levels. Cooling and 104 

wallrock reactions cause precipitation of chalcopyrite and molybdenite in quartz-sulfide veins 105 

and as disseminations in potassic altered rock (with hydrothermal K-feldspar, biotite, magnetite, 106 
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anhydrite). As these fluids ascend and cool further, they become increasingly acidic, resulting in 107 

progressive phyllic (quartz-sericite-pyrite), argillic, and advanced argillic (clay, alunite, diaspore, 108 

residual quartz) alteration (Sillitoe, 2010; Richards, 2011). Alteration and sulfide minerals are 109 

thus zoned vertically and laterally in a characteristic pattern typically centered on a shallow 110 

subvolcanic intrusive complex, although this pattern may be modified by later structural 111 

disturbance (Lowell and Guilbert, 1970). Post-formation uplift and erosion progressively 112 

denudes shallow level (epithermal) hydrothermal alteration and volcanic rocks, exposing the 113 

underlying subvolcanic rocks and porphyry mineralization, and then eventually the underlying 114 

barren batholith. Burial by younger volcanic and sedimentary rocks can preserve various levels 115 

of the system, and presents a major challenge for mineral exploration. Whereas in many parts of 116 

the world, including the Cordillera of British Columbia, exposed porphyry systems have mostly 117 

been discovered and tested, considerable potential remains for the discovery of unexposed or 118 

buried deposits. Geophysical methods (i.e. magnetics, induced polarization, EM methods) can be 119 

used for the detection of such systems by searching for contrasts between the physical properties 120 

of rocks associated with alteration and mineralization and those of surrounding country rocks. 121 

Methods that can resolve such contrasts at depth or below cover are thus particularly valuable in 122 

modern mineral exploration. 123 

 EM exploration techniques are well suited to this purpose because they are sensitive to 124 

electrical resistivity contrasts associated with alteration and mineralization in porphyry deposits 125 

(Holliday and Cooke, 2007; Mitchinson et al., 2013). A pattern of hydrothermal alteration in a 126 

generalized porphyry deposit is shown in Figure 1A and the associated mineralization in 1B. 127 

Because the alteration zones are formed under particular conditions of temperature and salinity, 128 

the spatial and depth extent of each zone varies for each deposit (Sillitoe, 2010; Richards, 2011). 129 
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Figure 1C shows the expected resistivity values at different parts of the generalized deposit. The 130 

potassic zone consists of crystalline intrusive rock, and can be detected if its resistivity differs 131 

from the host rock. Intrusive rocks typically have a high resistivity because limited pore space 132 

restricts the flow of electric current. For instance, a deposit hosted by young, porous sedimentary 133 

rock should have a resistive anomaly corresponding to the porphyritic stock. Fresh intrusive 134 

rocks typically have resistivities in the range 1000 - 5000 Ωm depending on the degree of 135 

fracturing, which decreases resistivity (Figure 1C). Disseminated sulfides in potassic-altered 136 

intrusive rocks and wallrocks may lower the resistivity relative to fresh rocks, but only 137 

moderately because sulfide abundance is not high (typically 1–2 vol.%) and is generally not in 138 

connected form (veins and veinlets predominantly consist of resistive quartz with only minor 139 

interspersed sulfides, albeit consisting of potentially economically valuable Cu-Fe- and Mo-140 

sulfides). In contrast, the phyllic alteration zone is characterized by abundant disseminated and 141 

veinlet pyrite (up to 20 vol.%), with distinctly lower bulk resistivity depending on the amount 142 

and interconnectivity of the sulfide grains. Shallow level argillic and advanced argillic alteration 143 

typically has relatively low resistivity due to the presence of conductive clay minerals. 144 

 The resistivity profile across a porphyry system is thus dependent on the erosion level of 145 

the deposit (Figure 1C). An uneroded deposit can exhibit a low resistivity near-surface signature 146 

due to the presence of clay minerals in the argillic zone, but if the deposit has been eroded down 147 

to the porphyry level, then the more resistive potassic zone will dominate the resistivity profile 148 

over the deposit. ZTEM and MT surveys are particularly useful for studying uneroded deposits, 149 

or those located below cover, because they are capable of exploration to greater depths than 150 

controlled source EM methods.  151 
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 The resistivity of the sulfide-rich phyllic and potassic zones can vary by orders of 152 

magnitude depending on the sulfide concentration and distribution. Nelson and Van Voorhis 153 

(1983) collected 109 in-situ resistivity measurements at four porphyry Cu deposits and showed 154 

that resistivity is inversely proportional to sulfide content (Figure 2). The mineralization was 155 

classified as disseminated or in discontinuous veins for about 3 wt.% sulfide and below. In this 156 

case, Nelson and Van Voorhis (1983) found that the resistivity was high (> 100 Ωm) and 157 

variable. At 3 – 20 wt.% the sulfides are increasingly vein-hosted, and the resistivity decreases to 158 

below 10 Ωm for samples approaching 20 wt.% sulfide. Although this study did not include 159 

massive sulfide samples, these would generally be above 50% weight sulfides, and have a very 160 

low resistivity (< 1 Ωm). This shows that there can be up to three orders of magnitude variability 161 

in resistivity depending on the concentration of sulfide mineralization. Porphyry deposits can 162 

contain a large volume of disseminated sulfides with bulk resistivity in the range 100 to 1000 163 

Ωm. This is a relatively high resistivity compared to massive sulfides and sulfide mineralization 164 

in well-connected veins where bulk resistivities are 1 to 10 Ωm. More importantly, detection of 165 

disseminated sulfides could be a challenge for EM techniques if the sulfides are relatively 166 

resistive and buried under cover. This is motivation to study whether the natural source ZTEM 167 

and MT methods can detect disseminated sulfide zones that may not appear as obvious, highly 168 

conductive targets. It should be noted that the induced polarization (IP) method is sensitive to 169 

chargeability and is thus effective at detecting disseminated sulfides (Seigel et al., 2007). As this 170 

is a proven method and is related to a different physical property, it is not the focus of this study.  171 

 172 

3. Magnetotelluric and Z-axis tipper electromagnetic Theory 173 

 174 
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 AEM surveys are a practical choice for mineral exploration because they can cover large 175 

areas quickly and are relatively inexpensive. Controlled source AEM systems have been 176 

extensively used in mineral exploration and are effective for imaging near-surface targets. 177 

Legault (2015) provides a comprehensive review of controlled source AEM methods in the time 178 

and frequency domains. For exploration at greater depths, natural source AEM systems are 179 

preferred because they are not limited by the strength of a transmitter. These methods operate in 180 

the frequency domain and by lowering the frequency, the depth of exploration can be increased. 181 

Ground exploration techniques can also be used to supplement AEM data. In particular, the MT 182 

method is used to map electrical resistivity contrasts and has a greater penetration depth than any 183 

AEM technique. Because ZTEM and MT are related as natural source techniques, it is 184 

straightforward to combine them in a joint inversion algorithm. Joint inversion of controlled and 185 

natural source methods is also routinely performed with data such as controlled source 186 

electromagnetic (CSEM) and MT (Mackie et al., 2007). The quantities that are measured by the 187 

ZTEM and MT techniques are briefly summarized below, followed by a short description of the 188 

e3dMTinv inversion algorithm developed at the University of British Columbia (Holtham and 189 

Oldenburg, 2010).  190 

 191 

3.1 Theory 192 

 193 

 The MT method was first described by Tikhonov (1950) and Cagniard (1953), and 194 

measures a time series of three mutually perpendicular magnetic field components and two 195 

horizontal electric field components. The electric and magnetic fields are transformed into the 196 
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frequency domain assuming a harmonic time dependence 𝑒−𝑖𝜔𝑡, where 𝜔 is angular frequency. 197 

These are used to calculate the impedance tensor 𝒁, which is defined as: 198 

 199 
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 200 

where the electric field E, the magnetic field H, and impedance 𝒁 are complex functions of the 201 

angular frequency ω. The impedance contains information about the electrical resistivity of the 202 

Earth. The penetration depth of an EM signal is a function of its frequency and the resistivity of 203 

the subsurface: 204 

 205 
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 206 

where 𝛿 is the penetration depth in meters, 𝑓 is the signal frequency in Hz, and 𝜌 is the resistivity 207 

in Ω·m of a homogeneous halfspace. 𝜌𝑎 is the apparent resistivity and can be computed from the 208 

measured impedance 𝒁 by the following: 209 

 210 
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 211 

where 𝜌𝑎 has been written explicitly for the xy polarization.  212 

 213 
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 Airborne ZTEM surveys do not measure the electric fields. Instead, the three magnetic 214 

field components are used to calculate the vertical magnetic field transfer function, or the tipper: 215 

 216 

 𝐻𝑧(𝑟) = [𝑇𝑧𝑥(𝑟, 𝑟0) 𝑇𝑧𝑦(𝑟, 𝑟0)] �
𝐻𝑥(𝑟0)
𝐻𝑦(𝑟0)� 

(4) 

 217 

where 𝑇𝑧𝑥 and 𝑇𝑧𝑦 are the tipper components derived from each polarization of the horizontal 218 

magnetic field. Note that the 𝐻𝑧 component is a function of the receiver location 𝑟, whereas the 219 

𝐻𝑥 and  𝐻𝑦 components are measured at the base station location, 𝑟0. Like the impedance, the 220 

tipper components are complex functions of angular frequency. Note that the tipper will be zero 221 

over the center of a conductive body, as the vertical magnetic field component changes sign at 222 

this location. This means that tipper measurements are sensitive to lateral resistivity variations, 223 

including resistivity structures not directly below the observation point. Tipper data can also be 224 

collected at an MT station by measuring 𝐻𝑥, 𝐻𝑦, and 𝐻𝑧 with three magnetic field channels. 225 

Unlike Equation 4, the three magnetic field components in MT are usually measured at the same 226 

location. 227 

 228 

3.2 Inversion Algorithm 229 

 230 

 The ZTEM and MT data were inverted using the UBC GIF e3dMTinv code to produce a 231 

resistivity model of the Earth. This algorithm was adapted by Holtham and Oldenburg (2010) for 232 

ZTEM inversion and was an extension of the MT inversion algorithm developed by Farquharson 233 

et al. (2002). The inversion uses a Gauss-Newton algorithm variant that seeks to minimize the 234 
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objective function 𝛷 which consists of two terms: (1) the misfit between observed and predicted 235 

data 𝜙𝑑, and (2) a model norm 𝜙𝑚 that quantifies the resistivity model properties: 236 

 237 

 𝛷 = 𝜙𝑑 + 𝛽𝜙𝑚 (5) 

 238 

where 𝛽 is the regularization parameter that is gradually decreased with each iteration until the 239 

desired misfit is achieved. The measure of data misfit 𝜙𝑑 is the sum of squares weighted by the 240 

data uncertainty: 241 

 242 

 𝜙𝑑 = ‖𝑾𝒅(𝒅𝑜𝑏𝑠 − 𝒅𝑝𝑟𝑒𝑑)‖22 (6) 

 243 

where 𝒅𝑜𝑏𝑠 and 𝒅𝑝𝑟𝑒𝑑 are vectors containing the observed and model predicted data, 244 

respectively; 𝑾𝒅 is a diagonal matrix containing the reciprocals of the data uncertainties, and 245 

‖⋅‖2 represents the 𝑙2 norm. The model norm is defined as: 246 

 247 

 
𝜙𝑚 = �𝛼𝑘�𝑾𝑘(𝒎−𝒎𝑟𝑒𝑓)�

2
2

4
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 248 

where 𝑾1 is a diagonal matrix, and 𝑾2, 𝑾3, and 𝑾4 are the first order finite-difference matrices 249 

for the 𝑥, 𝑦, and 𝑧 directions, respectively. The vectors 𝒎 and 𝒎𝑟𝑒𝑓 contain the logarithmic cell 250 

conductivities of the recovered and reference model, respectively. The factor 𝛼1 (or 𝛼𝑠) controls 251 

the closeness of the inversion model to the reference model, and 𝛼2,3,4 (or 𝛼𝑥,𝑦,𝑧) control the 252 

spatial smoothing in the 𝑥, 𝑦, and 𝑧 directions. 253 
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 254 

 The inversion algorithm used for the joint inversions is the same as that used for the 255 

single inversions of the ZTEM and MT data. However, the data misfit term differs for the joint 256 

inversion approach to accommodate both data sets. As in Equation 5, the objective function 𝛷 is 257 

still dependent on the data misfit and model regularization, except 𝜙𝑑 is the sum of the MT and 258 

ZTEM data misfits, 𝜙𝑑𝑀𝑇 and 𝜙𝑑𝑍𝑇𝐸𝑀. In most cases the number of data points in the ZTEM 259 

survey will be much greater than the number of data points from the MT survey. For example an 260 

MT survey with 20 stations recording the full impedance tensor (8 components) at 10 261 

frequencies will have 1,600 total data points. A similar scale ZTEM survey with fifteen 10 km 262 

flight lines measuring approximately every 10 m will have 300,000 data points (4 tipper 263 

components at 5 frequencies). Without compensating for over one hundred times as many ZTEM 264 

data points as MT data points, it is easy for the inversion to overfit the ZTEM data. Even if the 265 

inversion reaches the desired root-mean-square (r.m.s.) misfit, the resulting resistivity model 266 

may predominantly contain structure required by the ZTEM data. The data misfit terms for 267 

ZTEM and MT must be balanced so that they equally influence the overall data misfit function. 268 

Following the method of Holtham (2012), the total data misfit 𝜙𝑑 was modified from 269 

Equation 6: 270 

 271 

 𝜙𝑑 = ��𝑾𝑑1�𝒅𝑍𝑇𝐸𝑀𝑜𝑏𝑠 − 𝒅𝑍𝑇𝐸𝑀
𝑝𝑟𝑒𝑑 ���

2

2
+ 𝛾��𝑾𝑑2�𝒅𝑀𝑇𝑜𝑏𝑠 − 𝒅𝑀𝑇
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 272 
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where 𝛾 is the data weighting term, and 𝑾𝑑1 and 𝑾𝑑2 are diagonal matrices whose elements are 273 

the reciprocals of the ZTEM and MT data uncertainties, respectively. The vector 𝒅𝑜𝑏𝑠 contains 274 

the observed data and 𝒅𝑝𝑟𝑒𝑑 the model predicted data.  275 

 276 

 The weighting factor 𝛾 allows both datasets to be equally weighted without having to 277 

downsample the data. In order for both datasets to equally influence the inversion, 𝛾 should be 278 

equal to the ratio of the number of ZTEM data, 𝑁𝑍𝑇𝐸𝑀, divided by the number of MT data, 𝑁𝑀𝑇. 279 

This effectively increases the influence of the MT data misfit in the misfit function by forcing the 280 

inversion to more closely fit the fewer MT data points. The optimal 𝛾 value must be determined 281 

through trial inversions, because the number of data points is not the only factor that influences 282 

the data weighting. If the two datasets have different spatial sampling, then a given subset of the 283 

model is influenced by a different number of ZTEM and MT data. The weighting can also be 284 

defined for each frequency. For example, different weights can be assigned to the frequencies 285 

that overlap in the two datasets and the ones that do not. These methods of weighting were not 286 

explored in this study but could prove to be useful in certain situations. 287 

 288 

4. Geology and Previous Geophysical Exploration of the Morrison Deposit  289 

 290 

 This case study focuses on the Morrison porphyry Cu-Au-Mo deposit, currently being 291 

developed by Pacific-Booker Minerals Inc. The deposit is located in the northern Babine Lake 292 

region of British Columbia, Canada, which is well known for previously mined porphyry Cu 293 

deposits at Bell (77.2 Mt, 0.48% Cu) and Granisle (52.7 Mt, 0.43% Cu) (Robertson, 2009). The 294 
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Morrison deposit has a measured and indicated resource of 207 Mt at 0.39% Cu, and is in the 295 

advanced stage of development (Robertson, 2009). 296 

 297 

 The Morrison deposit is located in the Stikinia Terrane, which is a former island arc that 298 

was accreted to North America in the middle Jurassic, along with several other island arc 299 

terranes (Monger and Price, 2002; Nelson and Colpron, 2007). After accretion, the Stikinia 300 

terrane experienced deposition of volcanic and sedimentary rocks in the Babine Lake area, 301 

including the Middle-Late Jurassic Bowser Lake Group. Porphyry deposit formation occurred 302 

when these Mesozoic age volcanic and sedimentary rocks were intruded from the Late 303 

Cretaceous to early Cenozoic (McMillan et al., 1995). This includes the Morrison porphyry 304 

deposit which is associated with the Eocene Babine Lake igneous suite. 305 

 306 

 As illustrated in Figure 3, the Morrison deposit is genetically and spatially related to an 307 

Eocene biotite-feldspar porphyry stock (BFP), which intruded into the Middle-Late Jurassic 308 

Bowser Lake Group sediments at 52.54 ± 1.05 Ma (Liu et al., 2016). The Eocene intrusive rocks 309 

consist of a main circular stock and a series of thin, elongate dikes. The host rock lies in the 310 

northwest trending Morrison Graben, which contains a down-faulted block of Lower to Middle 311 

Jurassic Hazelton Group volcanic and sedimentary rocks. The Morrison Graben contains a pair 312 

of smaller north-northwest-trending faults (F1 and F2 in Figure 3B). F2 is a north trending 313 

dextral strike-slip fault that bisects the main BFP stock with an offset of about 300 m (Simpson, 314 

2007). 315 

 316 
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 Potassic alteration at Morrison is mainly found within the central BFP stock. Cu 317 

mineralization occurs as vein-hosted and disseminated chalcopyrite and bornite, with minor 318 

molybdenite (dated at 52.54 ± 0.22 and 53.06 ± 0.22 Ma; Liu et al., 2016). Two semicircular 319 

copper zones with an average grade of 0.39% Cu are surrounded by pyrite halos related to 320 

propylitic (chlorite-carbonate) alteration, and are offset to the northwest and southeast by the 321 

fault F2 (Figure 3). Although pyrite is usually associated with phyllic alteration, little phyllic 322 

alteration has been observed at Morrison. Argillic alteration (clay and carbonate minerals) occurs 323 

in association with the F2 fault, and overprints other alteration types (Robertson, 2009; Liu et al., 324 

2016).  325 

 326 

 The first geophysical work performed at Morrison consisted of ground IP and magnetic 327 

surveys performed by Peter E. Walcott & Associates Ltd. in 2000 (Walcott, 2001). The results 328 

were used to define the spatial extent of mineralized zones. An airborne AeroTEM time domain 329 

survey was then carried out in late 2008 as part of a larger project for Geoscience BC (Aeroquest 330 

Surveys, 2009).  331 

 332 

 In May 2010 Geotech Ltd. carried out a ZTEM survey over the Morrison property. 333 

Fifteen 10.9 km lines were flown with a line spacing of 250 m (Figure 3). The survey was flown 334 

with flight lines perpendicular to the predominant geological strike with the x-direction aligned 335 

to N50°E. The processed frequency band consisted of five frequencies: 360, 180, 90, 45, and 30 336 

Hz. The airborne receiver coil measured the vertical component of the magnetic field, and was 337 

towed from a helicopter with an average ground clearance of 80 m. The base station receiver 338 

consisted of two orthogonal coils to measure the magnetic fields in the x and y-directions 339 
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corresponding to N50°E and N40°W, respectively. Assuming the magnetic fields used in ZTEM 340 

are spatially and temporally coherent over large distances the precise location of the base station 341 

is not important, so long as it is close enough (5 – 20 km) to measure horizontal magnetic fields 342 

that are coherent with those in the survey area (Holtham and Oldenburg, 2010).  343 

 344 

 To compare the airborne ZTEM tipper data to conventional ground-based measurements, 345 

an MT survey was completed over the Morrison deposit in July 2013 by a team from the 346 

University of Alberta with the assistance of Peter E. Walcott & Associates Ltd. MT data were 347 

collected in the frequency band 300 - 0.001 Hz with Phoenix Geophysics V5-2000 instruments 348 

and magnetic induction coils at a total of 37 stations. The station spacing was approximately 500 349 

m over the deposit and increased to 1 km around the deposit to provide a regional constraint for 350 

the 3-D inversion (Figure 3). Vertical magnetic fields were measured at each MT station to allow 351 

comparison to the previously acquired ZTEM data. The MT data acquisition area was limited by 352 

available road access and terrain, and as a result the MT survey area was not as spatially 353 

extensive as the airborne ZTEM survey. In particular the northeastern portion of the ZTEM 354 

survey was not sampled by any MT stations. The MT survey grid was not as uniform as the 355 

ZTEM survey because the presence of Morrison Lake to the west of the Morrison Graben 356 

prohibited the collection of ground MT data in this area. 357 

 358 

 Topography can have an effect on the tipper data since there is a large resistivity 359 

difference between the earth and air. The topography at the Morrison deposit varies from about 360 

800 m to 1400 m in the ZTEM survey area. The topographic effect was quantified by calculating 361 

the predicted ZTEM data over a uniform earth with resistivity of 500 Ωm (i.e. no resistivity 362 
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variations below ground) at a frequency of 360 Hz (Figure 4). Some of the predicted data are the 363 

same order of magnitude as the measured data, which means topography alone can significantly 364 

influence the measured ZTEM data. This shows that it is important in the inversion to include 365 

model cells at the surface small enough to accurately replicate the air-earth interface. The 366 

topographic response is not as significant at lower frequencies such as 30 Hz because the skin 367 

depth is larger compared to the scale of topographic changes. 368 

 369 

 The ZTEM and MT datasets should exhibit similar features because both surveys 370 

measured tipper data in the same area. The observed tipper data at each MT station location were 371 

compared to the tipper data from the closest ZTEM recording location (Figure 5). There is good 372 

correlation between the airborne and ground tipper at the overlapping frequencies between 360 - 373 

30 Hz. The two datasets can also be displayed as induction arrows as in Figure 6. These arrows 374 

are plotted using the real 𝑇𝑧𝑥 and 𝑇𝑧𝑦 components and in this convention point toward conductors 375 

(Parkinson, 1959). The induction arrows at the Morrison deposit consistently point toward the 376 

southwest for frequencies of 30 Hz and 28 Hz for the ZTEM and MT data, respectively. The 377 

agreement is similar to that reported by Hübert et al. (2015) at the Newton deposit.  378 

 379 

 Although MT tipper data correlate well with the ZTEM tipper data, the MT tipper data 380 

were not inverted in this study. It should be noted that including the MT tipper data would have 381 

provided a wider frequency band and thus more sensitivity to deep structure. However, to 382 

simplify the joint inversion procedure and interpretation we will only show the simple case of 383 

ZTEM tipper and MT impedance. While comparison of the ZTEM and MT tipper data in 384 
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individual and joint inversions will make an interesting future study, it is not the goal of this 385 

paper.  386 

 387 

5. Separate inversions of the Morrison ZTEM and MT data  388 

 389 

 The ZTEM tipper and MT impedance data were first inverted separately. The ZTEM data 390 

at five frequencies from 360 – 30 Hz were inverted and because no error estimates were provided 391 

with the data, the error level was set to 0.01. The same mesh with a minimum cell size of 75 m x 392 

75 m was used for the ZTEM, MT and joint inversions, and the initial resistivity model was a 393 

500 Ωm halfspace.  It should be emphasized that the ZTEM inversion must start with a 394 

reasonable estimate of background resistivity in order to recover accurate resistivity values in the 395 

model.  For example, the background resistivity can be determined from MT impedance data 396 

because they contain information about the absolute resistivity values. Several test ZTEM and 397 

MT inversions were run with starting resistivity values from 50 – 1000 Ωm. The 500 Ωm 398 

inversions converged quickly and had the lowest final misfits, so this value was chosen as the 399 

starting and background resistivity. The ZTEM inversion converged to an r.m.s. misfit of 0.91, 400 

with excellent data fit along each flight line. An example of the observed and predicted data at 90 401 

Hz is shown in Figure 7. 402 

 403 

 The inverted MT data consisted of twelve frequencies from 132 – 0.7 Hz.  Although the 404 

highest frequency of the data was 320 Hz, the first few data points (highest frequencies) were 405 

biased downward or too noisy for inversion. The inversion error floor was set to 7.5% of 𝑍𝑥𝑦 406 

applied to 𝑍𝑥𝑦 and 𝑍𝑥𝑥, and 7.5% of 𝑍𝑦𝑥 applied to 𝑍𝑦𝑥 and 𝑍𝑦𝑦. The measured diagonal 407 
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impedance components are often several orders of magnitude smaller than the off-diagonal 408 

components for a 1-D or 2-D resistivity structure. However, the diagonal impedance components 409 

at Morrison were relatively large and only one order of magnitude smaller than the off-diagonal 410 

components. This is an indication of a 3-D resistivity structure and unfortunately the inversion 411 

was unable to fit distortion at several stations. Four stations were not used in the final inversion 412 

due to poor data quality or low amounts of signal in the relevant frequency bands. In addition 413 

five stations displaying a large static shift (2 orders of magnitude or greater) were not used 414 

because the inversion was not able to fit these data. Finally, five stations with large impedance 415 

phase splits or out-of-quadrant phases did not adequately fit the data and were excluded from the 416 

final inversion. Static shifts and out-of-quadrant phases are specific cases of  distortion of the 417 

MT impedance data generally due to small 3-D structures with a spatial scale less than the 418 

minimum skin depth, and structures outside of the survey area that cause current channeling. One 419 

strategy to account for static shifts in 3-D inversion is to finely discretize the uppermost region of 420 

the model. This allows small-scale distorting features to be included in the resistivity model. 421 

However, the stations with the most severe static shifts were still not adequately fit by the 422 

inversion algorithm. In addition, the distortion due to current channeling requires further analysis 423 

and is not included in this paper. A total of 23 MT stations were used in the final inversion. 424 

These are shown as black circles in Figure 3A. 425 

 The starting model for the first MT inversion was a 500 Ωm halfspace. There is good 426 

agreement between the observed MT data and the predicted model responses. The final r.m.s 427 

misfit was 0.91 and the data fit was inspected at each station and frequency to ensure 428 

consistency. A sample of the data fit for each station at a frequency of 8.1 Hz is shown in Figure 429 
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8. Even the diagonal components (xx and yy), which tend to be noisier than the off-diagonal 430 

components, are fit well at most frequencies.  431 

 432 

 The resistivity models computed from the ZTEM and MT inversions are briefly 433 

compared here, but are discussed in more detail in Section 7. Figure 9 shows horizontal slices of 434 

the ZTEM, MT, and joint inversion models at five depths: 633 m, 483 m, 333 m, -417 m, 435 

and -1017 m elevation above sea level. For reference, the elevation at the Morrison deposit is 436 

about 800 m above sea level. At 633 m and 483 m elevation the MT model contains more small-437 

scale resistivity features around the deposit (Figures 9B and 9E) than the ZTEM model (9A and 438 

9D). One explanation for this is the different model regularization in each inversion due to the 439 

large difference in the amount of ZTEM and MT data. In addition, these small-scale features are 440 

required by the MT inversion because some stations experience distortion from small conductive 441 

structures when measuring electric field data. Both the MT and ZTEM models contain the 442 

shallow conductor C1 to the southwest of the deposit and the resistive feature R1 to the east of 443 

the deposit. One major difference between the two models lies to the southwest of the deposit. In 444 

the ZTEM model C1 is bordered by the western edge of the Morrison Graben at 633 m elevation, 445 

but in the MT model C1 is a smaller feature that does not reach the Morrison Graben. The MT 446 

model cannot resolve the eastern edge of C1 because the MT survey could not sample the area of 447 

Morrison Lake. This disparity is addressed in the following joint ZTEM-MT inversion. The 448 

resistive feature R2 and the moderately conductive C2 appear in both models. However, the 449 

resistivity values are more extreme in the MT inversion, with R2 more resistive and C2 more 450 

conductive than in the ZTEM inversion. The spatial extents of R1 and C2 are better constrained 451 

in the ZTEM model because there are no MT stations in the northeast portion of each panel. In 452 
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addition, features to the northwest of the deposit were required by the MT data and are located 453 

outside the ZTEM survey area, and are poorly constrained in the ZTEM model. However, the 454 

data at the lowest frequencies are still sensitive to structure outside of the survey area. At 455 

elevations of -417 m and -1017 m the MT model contains the conductor C3, but the ZTEM 456 

model does not contain a highly conductive feature at these elevations. There is also a distinct 457 

conductor south of R1 in the ZTEM and MT models slices at 633 m, 483 m, and 333 m elevation 458 

(Figure 9). The location of this conductor agrees well with the location of the Hearne Hill 459 

deposit, which is associated with two breccia pipes 2 km southeast of the Morrison deposit 460 

(Simpson, 2007; Robertson, 2009). 461 

 462 

 Figure 10 shows vertical slices of the resistivity models on the profiles A-A’ and B-B’ 463 

(see Figure 9A for profile traces). Profile A-A’ intersects the Morrison deposit at an angle of 464 

N50°E and B-B’ intersects the deposit at an angle of N40°W.  The slices along A-A’ clearly 465 

show that the horizontal geometry of C1 from 1.5 to 2.5 km along profile is different in the 466 

ZTEM and MT inversions. As seen in Figure 10C at about 3.5 km along profile, the MT 467 

resistivity model also contains a small, highly conductive body in the upper 100 m above the 468 

Morrison deposit. It should be noted that the A-A’ vertical slice is coincident with the 2-D 469 

inversion by Geotech Ltd. (2010) along the same profile, as shown in the Appendix. The 2-D 470 

ZTEM inversion detected a conductor that could be C3, whereas the 3-D ZTEM inversion did 471 

not. At about -500 m elevation the MT resistivity model contains the conductor C3 that is not 472 

imaged in the ZTEM resistivity model. This suggests that detection of this feature requires the 473 

use of a joint ZTEM-MT inversion. The fact that the MT inversion images C3 better than the 474 

ZTEM inversion is due to a number of reasons: 475 
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(1) The ZTEM data have a minimum frequency of 30 Hz, giving a skin depth of 2 km in a 476 

500 Ωm halfspace. The presence of some low resistivity anomalies will reduce this value, 477 

placing C3 on the limit of detection with ZTEM data. In contrast, the MT inversion uses a 478 

minimum frequency of 0.7 Hz giving a skin depth of 13 km.  479 

(2) The MT and ZTEM inversions are a trade-off between achieving data fit and finding a 480 

spatially smooth model. Different spatial regularizations can emphasis shallow or deeper 481 

structure.  482 

  483 

 In addition to comparing model slices side-by-side, cross-plots are a qualitative way to 484 

compare the electrical resistivities of two different models at the same location. If the resistivity 485 

values of individual model cells in both models were exactly the same, the plot would be a 486 

straight line with a slope of one. Figure 11 shows the correlation at progressively lower 487 

elevations in each panel (deeper horizontal sections). The resistivity value for each individual 488 

model cell was plotted (horizontal axis is MT model resistivities, vertical axis is the ZTEM 489 

model resistivities) and the cross-plots show that there is a correlation between the resistivity 490 

values in each model. The correlation is weaker near the surface due to small near-surface 491 

inhomogeneities in the MT resistivity model. At intermediate depths there is a good correlation 492 

in resistivity values between the two models. The correlation is not as strong below 425 m 493 

elevation.  494 

 495 

6. Morrison Joint ZTEM-MT Inversion 496 

 497 
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 The first step in the joint inversion was to determine a value of 𝛾 that would optimize the 498 

misfit of the ZTEM and MT data. Ten joint ZTEM-MT inversions were run using different 499 

values of 𝛾 to investigate the effect on the data misfits and models. From Equation 8 it is clear 500 

that increasing the weighting factor 𝛾 should increase the influence of the MT data in the joint 501 

inversion. As a result the r.m.s. misfit for the MT data should decrease for inversions using a 502 

larger 𝛾. This trend is apparent from the joint inversions presented in Figure 12. For the lowest 503 

weighting factor tested, 𝛾 = 0.1, the MT data r.m.s. misfit is much higher than the ZTEM data 504 

r.m.s. misfit. In contrast, when 𝛾 = 50, the ZTEM r.m.s. misfit is larger than the MT r.m.s. misfit. 505 

In this case the ZTEM data fit is suffering from the inversion putting too much weight on the MT 506 

data. To achieve a balance between the two data misfits, we chose 𝛾 = 3 as the preferred 507 

weighting factor because in this inversion the final misfits of the ZTEM (0.98) and MT (0.93) 508 

data are close to the total misfit of 0.98. The observed and calculated data from this inversion are 509 

shown in Figures 13 and 14 at a ZTEM frequency of 90 Hz and an MT frequency of 8.1 Hz. It 510 

should be noted that the curves of misfit values in Figure 12 are not perfectly smooth because 511 

each inversion ended after a different number of iterations. The number of 𝛽 iterations needed 512 

for each inversion was between 44 and 54. We considered an acceptable level of convergence if 513 

there was a very small ( < 1%) change in misfit and the model structure did not change an 514 

appreciable amount in the final iterations. The exceptions are the joint inversions with 𝛾 = 30 and 515 

𝛾 = 50. The r.m.s. misfit curves for these higher 𝛾 values did not monotonically decrease at later 516 

iterations. Though the reason for this was not further investigated, this may be a problem with 517 

the regularization. From Equation 8 a large 𝛾 may cause the value of 𝜙𝑑 to become large 518 

compared to 𝜙𝑚, and a different starting value of 𝛽 may be needed. 519 

 520 
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 Cross-plots were used to analyze the effect of changing the data weighting. For example, 521 

a low weighting factor such as 𝛾 = 0.1 places less weight on fitting the MT data, and the final 522 

resistivity model should look similar to the model from the ZTEM inversion. We expect the 523 

opposite with a high weighting factor such as 𝛾 = 50: the resulting resistivity model should 524 

appear similar to the model obtained from an inversion of only MT data. Figure 15 shows the 525 

results from the two extreme cases of 𝛾 = 0.1 and 𝛾 = 50 and the preferred 𝛾 = 3. The horizontal 526 

slices from each model are at 425 m elevation. As expected, for 𝛾 = 0.1 there is a strong 527 

correlation in resistivity values between the ZTEM and joint resistivity models because the 528 

ZTEM data are highly weighted in the joint inversion. Figure 15D shows a weaker correlation 529 

between the MT inversion and the joint inversion with 𝛾 = 0.1. For 𝛾 = 50 there is a weaker 530 

correlation between the ZTEM and joint models than the MT and joint models. The cross-plots 531 

for 𝛾 = 3 show a more balanced level of correlation for the ZTEM and MT data in the joint 532 

inversion. 533 

 534 

 Figure 16 shows a vertical slice along profile A-A’ through the ZTEM, MT, and joint 535 

inversion models. With 𝛾 = 0.1, the joint model greatly resembles the model from the ZTEM 536 

inversion. As the weighting factor 𝛾 increases, deeper features required by the MT data are 537 

included in the model. The models with the largest 𝛾 values resemble the model from the MT 538 

inversion. This demonstrates how the joint inversion is a trade-off between emphasizing the 539 

ZTEM and MT data. The joint model from 𝛾 = 3 clearly contains structure that is required by 540 

both datasets.  541 

 542 
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 The joint resistivity model (Figures 9 and 10) contains most of the features seen in the 543 

ZTEM and MT resistivity models. C1 and R1 are present in all models to the southwest and 544 

northeast of the Morrison Graben, respectively. R2 extends to approximately 1 km below the 545 

surface and is flanked by two conductive bodies to the southwest and northeast (C2) that 546 

correlate with the bounding faults of the Morrison Graben. C2 appears as a conductive feature in 547 

all three models but is more conductive in the MT and joint models. As mentioned in the 548 

previous section, the ZTEM model at 633 m elevation images C1 as a continuous feature to the 549 

edge of the Morrison Graben, but the MT model does not (Figures 9A and 9B). This disparity is 550 

simply due to the limited spatial sampling of the MT survey. The joint ZTEM-MT model at 633 551 

m elevation is a clear improvement on the MT model since C1 is imaged to the same spatial 552 

extent as in the ZTEM model. C3 is a highly conductive feature in the MT and joint inversions 553 

that is not as clearly imaged in the ZTEM inversion. The Appendix includes a resolution test 554 

indicating that C3 is a feature that is required by the lower frequency MT data (Figure A2). 555 

Combined with the improved spatial resolution of the ZTEM data, it is clear that the primary 556 

strength of each dataset has a positive impact on the joint resistivity model. 557 

 558 

7. Discussion 559 

 560 

 The ZTEM, MT, and joint ZTEM-MT models contain similar resistivity features that can 561 

be correlated with the deposit lithology, hydrothermal alteration zones, and sulfide 562 

mineralization. The features from the inversions and additional geophysical studies are 563 

considered in two categories: lithologic and alteration related (Table 1). The joint inversion was 564 

chosen as the preferred model for interpretation because it represents a balance between the 565 
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advantages of each data type. The joint inversion model, which contains features from the ZTEM 566 

and MT models, is first compared to late-time tau and then to the magnetic susceptibility data 567 

from an AeroTEM airborne survey (Aeroquest Surveys, 2009).  568 

 569 

7.1 AeroTEM Late-time Tau 570 

 571 

 In TDEM surveys, a transmitter induces electric currents in the Earth and the decaying 572 

magnetic field is measured as a function of time (Nabighian and Macnae, 1991). Maps of the 573 

decay constant (tau) show which areas are relatively conductive (i.e., current flows for a longer 574 

time, with higher tau values) or relatively resistive (lower tau values). It is important to note that 575 

the sampling depth of a TDEM survey depends on the resistivity of the subsurface. This is 576 

similar to the skin depth in frequency domain EM surveys. The TDEM sampling depth can be 577 

approximated in a halfspace as 578 

 
𝛿𝑇 =

1
2.3

�
2𝜌𝑡
𝜇

 
 

(9) 

 579 

where 𝛿𝑇 is the sampling depth, 𝜌 is the resistivity of the halfspace,  𝑡 is the measurement time of 580 

the secondary magnetic field, and 𝜇 is the magnetic permeability (Meju, 1996). For example, 581 

with a representative value of 400 μs for tau and a resistivity of 10 Ωm, and assuming the free 582 

space value of 𝜇, the sampling depth 𝛿𝑇 is 35 m. In a more resistive environment where tau is 583 

100 μs and the resistivity is 1000 Ωm, the sampling depth is 175 m.  584 

 585 
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 Figure 17B shows the late time tau map from the AeroTEM survey over the Morrison 586 

deposit (Aeroquest Surveys, 2009). The higher tau values to the southwest of the Morrison 587 

deposit match well with the low resistivity feature C1 observed in the joint inversion model. This 588 

area coincides with the Quaternary glaciolacustrine sediments around and below Morrison Lake. 589 

Because C1 extends several hundreds of meters below the surface, it also likely represents the 590 

Ashman Formation sedimentary unit. The edge of C1 correlates very well with the western edge 591 

of the Morrison Graben, where there is a geologic contact between the conductive sediments and 592 

sedimentary rocks of C1 and the intrusive rocks within the graben. The low tau values to the 593 

northeast of the deposit correlate well with feature R1 in the joint inversion model, which 594 

matches the known location of the Hazelton Group volcanic rocks to the east of the Morrison 595 

Graben. Within the deposit, there is a low tau anomaly that covers the northwestern half of the 596 

main BFP stock and the three intrusive BFP dikes. This matches the location of R2 in the joint 597 

inversion model. In the southeast half of the central BFP stock, there is a slightly elevated tau 598 

(200 – 250 μs) that could be explained by a higher concentration of sulfides outside the potassic 599 

alteration zone. This feature also appears in the joint resistivity model (Figure 17A) as a small, 600 

shallow conductor coincident with the southeast half of the orebody. The high tau anomaly 601 

immediately south of R1 corresponds to the high-grade breccia pipes of the Hearne Hill deposit. 602 

Note that the conductive feature to the northwest of the deposit (Figure 17A) does not appear as 603 

a strong tau anomaly. This could be due to the choice of inversion regularization and the fact that 604 

the geometry of this feature is not well-resolved with only two MT stations nearby. C2 does not 605 

appear as a strong tau anomaly in late-time tau map.  606 

 607 

7.2 Aeromagnetic Data 608 
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 609 

 The magnetic response of a porphyry deposit is dominated by the spatial distribution of 610 

unaltered hydrothermal magnetite. The Morrison deposit is hosted by sedimentary rocks of the 611 

Bowser Lake Group, which should contain negligible amounts of magnetite. In contrast, fresh 612 

igneous rocks of the Eocene Babine Intrusions are likely to contain moderate amounts of primary 613 

igneous magnetite, and the potassic alteration zone of the porphyry system should also contain 614 

small amounts of hydrothermal magnetite; as such, both the intrusive rocks and potassic 615 

alteration zones should show positive magnetic susceptibility anomalies as observed in Figure 616 

17C (high magnetic susceptibility is shown in blue). R2 in the ZTEM and MT inversion models 617 

also matches reasonably well with the magnetic highs for the intrusive dikes; however, the 618 

aeromagnetic map shows two distinct magnetic highs at the location of R2. In addition, the 619 

> 0.3% Cu zone appears as two circular magnetic highs associated with hydrothermal magnetite 620 

in the potassic alteration zone. Whereas the northwest half of the > 0.3% Cu zone is highly 621 

resistive in the joint inversion, the southeast half did not appear resistive in the joint inversion. 622 

This area could have a lower resistivity due to a larger concentration of sulfides, particularly 623 

pyrite in the 1 – 5 wt.% zone shown in Figure 3B. There is a clear lithologic contact to the east of 624 

the deposit between the magnetite-poor Ashman Formation sedimentary unit and the mafic 625 

volcanic rocks of the Hazelton Group.  626 

  627 

7.3 Deposit Lithology 628 

 629 

 The main lithologies are well resolved by the joint ZTEM-MT inversion. Igneous rocks 630 

generally have higher resistivity because they lack interconnected fluids in pore space compared 631 
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to sedimentary rocks. The presence of clay minerals in the Quaternary sediments also has a 632 

strong control on resistivity. The Hazelton Group volcanic sequence is represented by a 633 

prominent resistive feature R1 (> 1000 Ωm) in the ZTEM and MT models. The position of R1 634 

(Figure 18) to the east of the Morrison Graben correlates well with the position of the Hazelton 635 

Group outcrop area shown in Figure 3. Because ZTEM tipper data sharply define conductive 636 

boundaries, this is a well defined feature in the ZTEM inversion and also appears in the MT 637 

impedance inversion. R1 extends about 1 km further to the northeast in the ZTEM inversion 638 

because the ZTEM survey area was larger than the MT area (Figure 10). In the MT model R1 is 639 

in the same position as the ZTEM model but the northeastern edge is not constrained due to a 640 

lack of MT stations (shaded area in Figure 10).  641 

 642 

 The Quaternary sediments to the southwest of the deposit appear as the large conductive 643 

zone C1 in the joint inversion model (Figure 9C). This is typical of recent glaciolacustrine 644 

deposits that have large amounts of fluid pore space (Palacky, 1988) and may also contain highly 645 

conductive clay minerals. C1 may also be partially due to the Ashman Formation sedimentary 646 

unit because it extends several hundred meters below the surface. The edge of this low resistivity 647 

zone correlates well with the western edge of the Morrison Graben. This represents the interface 648 

between the conductive Quaternary sediments and Ashman Formation sedimentary rocks outside 649 

the graben and the resistive Eocene Babine intrusions within the graben.  650 

 651 

 The MT and joint inversion models contain the deep feature C3 (Figure 10). C3 is 652 

required by the low frequency MT data as shown in the resolution test (Figure A2). One possible 653 

explanation for the deep conductor is that the bounding faults of the Morrison Graben become 654 
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close enough to appear as a single conductive body at about -500 m elevation. This would 655 

depend on the dip of the graben walls, and the dashed lines in Figure 10 are only approximated 656 

from the surface geology. C3 could also represent a larger, regional fault that is a remnant of the 657 

Mesozoic island arc accretions that included the Stikinia terrane. The position of C3 in the 658 

horizontal model slices agrees with the north-northwest geologic strike of the Babine Lake 659 

region. Another possible explanation for C3 is the presence of a deeper sulfide-rich zone that 660 

immediately underlies the porphyry system. Due to the spatial extent of the MT survey, the 661 

geometry of C3 is not as constrained as the shallow anomalies. For example, in Figure 10C there 662 

are no MT stations to the east of 4.5 km where the eastern edge of C3 is a gradual transition back 663 

to the starting 500 ohm.m model. The actual edge of C3 can only be accurately resolved if there 664 

are MT stations located above either side of it. The western edge of C3 is also not well 665 

constrained by the MT data because of the gap in coverage above Morrison Lake. The shaded 666 

regions in Figure 10 represent these areas of "low resolution" where there is minimum data 667 

sensitivity. In addition, the resistivity and thickness of C3 cannot be uniquely determined by the 668 

MT data. This is a known limitation of the MT method because it is sensitive to the product of 669 

conductivity and thickness (conductance). Therefore the depth to the bottom of C3 is not 670 

resolved, especially because this depth may be at the penetration limit of the modeled MT 671 

frequencies. For these reasons the deeper part of C3 has also been labelled as an area of low 672 

resolution (Figure 10).  673 

 674 

 675 

7.4 Electrical Resistivity Correlated to Hydrothermal Alteration and Mineralization 676 

 677 



 33 

 The alteration at Morrison is concentrically zoned over the main BFP intrusive stock. The 678 

central potassic core grades outward into a propylitic halo, with argillic alteration overprinting 679 

other alteration types. The feature R2 is likely the resistivity signature of the potassic core as 680 

well as the BFP intrusive dikes to the northwest of the deposit. The Morrison deposit is outlined 681 

in Figure 18B but does not appear as a strong resistivity anomaly in the joint inversion. The 682 

porphyry deposit model in Figure 1 predicts a higher resistivity at the deposit core associated 683 

with potassic alteration, but the inversions show that the highly resistive feature R2 is not only 684 

associated with the main BFP stock. One possibility is that the geometry of the intrusions shown 685 

in Figure 18A may be different than they appear at the surface.  686 

 687 

 The conductor C2 is a moderately conductive feature in the joint inversion model. It 688 

should be noted that the location of C2 also coincides with a small lake about 200 m north of the 689 

Morrison deposit. Even a small amount of clay or sediments at the lake could contribute to a 690 

shallow low resistivity feature in the model. C2 is outside the mapped pyrite halo so it is unlikely 691 

to be associated with a higher concentration of sulfides (Figure 18B). Even though C2 is spatially 692 

coincident with the eastern edge of the Morrison Graben, the joint resistivity model does not 693 

contain a continuous low resistivity feature along the eastern edge of the graben. This suggests 694 

that the low resistivity of C2 is not controlled by the graben.  695 

 696 

 The map in Figure 18B also compares the sulfide mineralization at Morrison with the 697 

joint ZTEM-MT resistivity model. The joint resistivity model matches well with the known 698 

geologic boundaries but there is a variable resistivity signature directly over the Morrison 699 

deposit. The 0.3 % Cu zone and the 1 – 5 % pyrite halo are not clearly defined in the resistivity 700 
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model. There are conductive features on the order of a few hundred meters wide that match the 701 

location of the eastern pyrite halo. Looking at the depth slice in Figure 18B, the resistivity of the 702 

0.3% Cu zone and the pyrite halo is about 50 – 300 Ωm, which is moderately resistive. 703 

Considering the main Cu ore body and particularly the pyrite halo contain the largest amount of 704 

sulfides, these areas should have a distinct resistivity response from the rest of the deposit. Using 705 

values from Figure 1, the 50 – 300 Ωm resistivity is on the upper end of the resistivity estimate 706 

for sulfide mineralization zones. From Figure 2, this resistivity range indicates that the sulfide 707 

mineralization at Morrison is mostly disseminated or in disconnected veins. This matches the 708 

type of mineralization at the Morrison deposit described by Simpson (2007), Robertson (2009), 709 

and Liu et al. (2016).  710 

 711 

8. Conclusions 712 

 713 

 The ZTEM and MT methods were able to map the regional resistivity structure of the 714 

Morrison deposit. Depending on the exploration strategy at a particular deposit, this study 715 

suggests there is value in conducting a small-scale MT survey to integrate with the ZTEM data. 716 

Even though the ZTEM tipper data and MT impedance data were collected at different times and 717 

with different spatial sampling, the individual inversions resulted in similar resistivity models. 718 

The joint inversion of ZTEM and MT data yielded a resistivity model consistent with the local 719 

geology, but the sulfide mineralization in the 0.3% Cu zone and 1 – 5 wt.% was not clearly 720 

defined. However, the joint inversion is an improvement on the individual ZTEM and MT 721 

inversions. The main limitation of the ZTEM data was the lower skin depth compared to the MT 722 

inversion. The depth of the conductor C3 may have been close to the resolution limit of the 723 
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ZTEM data, resulting in a weakly imaged feature in the ZTEM inversion. The MT station 724 

spacing was limited by ground access so there were areas with limited resolution in the MT 725 

resistivity model. The joint inversion eliminated these shortcomings by combining the spatially 726 

dense sampling of the ZTEM dataset and the greater depth resolution of the MT data. However, 727 

from this study it is clear that for the MT data to be useful, a reasonable number of stations with 728 

a relatively uniform grid are needed. Additionally, we have shown that the joint inversion data fit 729 

and model structure must be inspected with several values of the weighting factor, 𝛾. The 730 

individual ZTEM and MT data fits should be comparable in order to balance the contribution 731 

from each dataset.  732 
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Appendix 856 

 857 

 A set of 2-D ZTEM inversions performed by Geotech Ltd. (2010) suggest that the ZTEM 858 

data do have some sensitivity to C3 because the models contain a conductor at the same depth 859 

and location as C3 (Figure A1). The 3-D ZTEM model contains only a moderately conductive 860 

feature at this depth.  861 

 A sensitivity test was performed to assess if C3 was a feature required by the low 862 

frequency MT data. An iteration of the joint inversion was selected when the misfit started to 863 

converge to its final value, and C3 was replaced by the background 500 Ωm resistivity (Figure 864 

A2). The inversion was restarted using this edited model as the starting model and the reference 865 

model. C3 re-appeared at the same depth and location after nine iterations, which suggests that 866 

C3 is a feature required by the MT data.  The presence of C3 in the joint inversion model 867 

demonstrates the contribution from the lower frequency MT data. Note that the ZTEM model 868 

does contain a feature with moderate resistivity (300 Ωm) between -500 m and -1km elevation 869 

that may be related to C3.  870 



Figures and table with captions 
 

 
Figure 1: Alteration, mineralization and expected electrical resistivity responses for uneroded 
and eroded porphyry deposits. (A): Typical porphyry system alteration pattern. The dashed line 
represents the approximate erosion level of the Morrison deposit. (B): Expected sulfide 
mineralization, note the pyrite enrichment outside of the potassic core. (C): Electrical resistivity 
of alteration zones. The lower panel shows the expected responses for an uneroded and eroded 
porphyry deposit. Py = pyrite, Cp = chalcopyrite. Modified from Hübert et al. (2015). 
  



 

 
Figure 2: Relationship between sulfide weight percentage and electrical resistivity based on 109 
in-situ measurements at porphyry deposits by Nelson and Van Voorhis (1983). For disseminated 
or discontinuous veins (< 3% wt.) the resistivity tends to be high and variable. As 
interconnectivity increases, there is a more direct relationship between increasing sulfide weight 
percent and decreasing resistivity. Modified from Nelson and Van Voorhis (1983). 
  



 

 
 
Figure 3: (A) Geologic map of the Morrison deposit with locations of the ZTEM survey (black 
lines) and MT survey (dark circles). Black stations are included in the MT and joint inversions. 
(B) The deposit area in detail. Adapted from BC Geological Survey (2006) and Liu et al. (2016). 
UTM grid in 1000 m units. 
  



 
 
Figure 4: Effect of topography on the ZTEM data at a frequency of 360 Hz. (A) topography from 
the digital elevation model shows there is about 600 m of variation in elevation in the ZTEM 
survey area. (B) measured data due to both topography and sub-surface resistivity contrasts, (C) 
computed response of 500 Ωm halfspace with topography from (A). Note that predicted tipper 
data in (C) are the same order of magnitude as measured data in (B), suggesting that topography 
around the Morrison deposit has a large contribution to the observed tipper data. The Morrison 
orebody and 3 biotite-feldspar porphyry dikes are outlined in black, along with the bounding 
faults of the Morrison Graben. Black box is the deposit area shown in Figure 3B. 
  



 
 
Figure 5: Comparison of airborne ZTEM (solid colored circles) and ground MT (open circles and 
diamonds) at four MT stations. The left column shows the 𝑇𝑧𝑥 component and the right column 
shows 𝑇𝑧𝑦. Although the response magnitudes are not exactly the same, the ZTEM and MT data 
show the same trends at overlapping frequencies. MT data error bars are smaller than the plotted 
data points and are not shown. 
  



 
 
Figure 6: Comparison of induction arrows from the ZTEM survey (black arrows) and the MT 
survey (red arrows) at comparable frequencies. There is good agreement particularly over the 
Morrison deposit where induction arrows point toward the southwest. Arrows are shown in the 
Parkinson convention. Dotted lines are the Morrison orebody, 3 biotite-feldspar porphyry dikes, 
and the Morrison Graben. The black box is the deposit area shown in Figure 3B. 
  



 

 
Figure 7: Map view of observed and calculated data at 90 Hz from the ZTEM inversion. The 
Morrison orebody, 3 biotite-feldspar porphyry dikes, and the Morrison Graben are outlined with 
black lines. The black box is the deposit area shown in Figure 3B. 
  



 
 

Figure 8: Map view of observed and predicted data at 8.1 Hz for the MT inversion. The real and 
imaginary parts of the four impedance components (xx, xy, yx, and yy) are shown. Black triangles 
are locations of the MT stations. The Morrison orebody, 3 biotite-feldspar porphyry dikes, and 
the Morrison Graben are outlined with black lines. The black box is the deposit area shown in 
Figure 3B. 

  



 

Figure 9: Horizontal slices through ZTEM inversion model (A,D,G,J,M), MT inversion model 
(B,E,H,K,N), and joint ZTEM-MT inversion model with 𝛾 = 3 (C,F,I,L,O) at 633 m, 483 m, 333 
m, -417 m, and -1017 m elevation above sea level. The elevation at the Morrison deposit is about 
800 m above sea level. The Morrison orebody and 3 biotite-feldspar porphyry dikes are outlined 
in white, along with the bounding faults of the Morrison Graben. The Hearne Hille deposit is 
outlines in black. Black dots are MT station locations. A-A’ and B-B’ are the profiles for the 
vertical sections shown in Figure 10. The resistive feature R2 and the conductive C2 may be 
associated with hydrothermal alteration, and appear in both the ZTEM and MT models. C1 and 
R1 are consistent with the known deposit lithologies. C3 is a deep conductor that is not imaged 
in the ZTEM model. 



 
Figure 10: Vertical slices through resistivity models obtained for the ZTEM-only inversion 
(A,B), MT-only inversion (C,D), and joint ZTEM-MT inversion (E,F) with 𝛾 = 3. Dashed black 
lines are the approximate location of the Morrison Graben. A,C,E are slices through the profile 
A-A’ and B,D,F are slices through the profile B-B’ shown in Figure 9. Shaded areas have limited 
resolution due to insufficient data coverage. 
  



 
 
Figure 11: Cross-plots for the preferred ZTEM and MT inversions. Using the same mesh, the 
resistivity of each cell from the ZTEM and MT inversions was plotted at four depths. Darker 
squares correspond with more occurrences within a specific bin. The dashed grey line is a one-
to-one correlation. At all depths the darker squares (more correlation) occur close to the one-to-
one line.  
  



 
 
Figure 12: Joint inversion r.m.s. misfit for several trial values of 𝛾. The total r.m.s. misfit as well 
as the r.m.s. misfit for the ZTEM and MT data subsets are shown for each inversion. The total 
misfit closely follows the ZTEM misfit because the ZTEM data make up the majority of the joint 
ZTEM-MT dataset. The dashed line indicates the preferred inversion with 𝛾 = 3. 



 

Figure 13: Map view of observed and calculated ZTEM data at a frequency of 90 Hz in the joint 
inversion with 𝛾 = 3. The Morrison orebody, 3 biotite-feldspar porphyry dikes, and the Morrison 
Graben are outlined with black lines. The black box is the deposit area shown in Figure 3B. 



 

Figure 14: Map view of observed and calculated MT data at a frequency of 8.1 Hz in the joint 
inversion with 𝛾 = 3. The Morrison orebody, 3 biotite-feldspar porphyry dikes, and the Morrison 
Graben are outlined with black lines. The black box is the deposit area shown in Figure 3B. 
  



 

 

 

 
 
Figure 15: Cross-plots showing correlation in resistivity values at 425 m elevation in resistivity 
models. A one-to-one correlation is represented by the dashed line in each panel. (A) compares 
the ZTEM inversion to the joint inversion using 𝛾 = 0.1, and (C) compares the ZTEM inversion 
to the joint inversion using 𝛾 = 50. There is a strong correlation between the joint inversion with 
𝛾 = 0.1 and the ZTEM inversion, but the correlation is weaker with 𝛾 = 50. With a low weight on 
the MT data, the scatter in (D) suggests this joint inversion model does not correlate well with 
the MT inversion. Stronger correlation is observed in (F) when 𝛾 = 50, meaning a higher weight 
on the MT data. (B) and (E) show that the model using 𝛾 = 3 is a balance between the ZTEM 
and MT data. 
  



 
 
Figure 16: Vertical slice through profile A-A’ of joint ZTEM-MT inversions using different 𝛾. 
The ZTEM and MT models are also shown for reference. With a low 𝛾  the joint resistivity 
model is more similar to the ZTEM model, and with a high 𝛾 the model is more similar to the 
MT model. 
  



 
 
 

 
 
Figure 17: Comparison of A) joint ZTEM-MT inversion resistivity model, B) AeroTEM late-
time tau data, and C) airborne total magnetic intensity map of the Morrison deposit. The colorbar 
is reversed in B) so that red is conductive. The Morrison orebody, biotite-feldspar porphyry 
dikes, and the Morrison Graben are outlined in white and the Hearne Hill deposit is outlined in 
black. Tau and magnetic data from Aeroquest Surveys (2009).  
  



 
 
Figure 18: Comparison of Morrison deposit alteration and mineralization map with the joint 
inversion model. The model slice is about 150 m below the surface. Modified from Liu (2016). 
  



 
 
Table 1: Resistivity features at the Morrison deposit. The second column indicates the geology or 
alteration interpreted to cause the resistivity feature. Columns 3 – 7 show whether or not the 
features were present in various geophysical studies. The length of each bar approximates the 
value of resistivity, tau, or susceptibility. Colors for the tau data have been reversed so that red is 
more conductive.  
  



 
 
Figure A1: Horizontal slices (A,B) through the resistivity model obtained from 2-D ZTEM 
inversions (Geotech, 2010). The inversions were performed along flight lines that are 
approximately 250 m apart. The elevation at the Morrison deposit is about 800 m above sea 
level. The Morrison deposit and 3 biotite-feldspar porphyry dikes are outlined in white, along 
with the bounding faults of the Morrison Graben. The vertical slice in (C) is from the 2-D 
inversion along profile A-A’. C3 is a more prominent feature than in the 3-D ZTEM inversion.  
  



 
 
Figure A2: Sensitivity test for the feature C3 seen in the MT and joint resistivity models. In A) 
an iteration of the joint inversion was selected just before convergence, and C3 was replaced by 
the background 500 Ωm resistivity. When A) is used as the starting model, C3 is still a required 
feature after nine iterations as seen in B). 
 

 




