
1.  Introduction
Continental rifting and the formation of sedimentary basins are fundamentally multiphase processes that 
result from interactions between the crust and mantle (Peron-Pinvidic et al., 2019). The mineral resources 
contained within sedimentary basins are, therefore, the end product of geodynamic processes operating on 
multiple scales, although key aspects of metallogenesis in these settings remain poorly understood. Clas-
tic-dominant (CD-type) deposits (formally known as SEDEX deposits) have the highest grades and tonnag-
es of the sediment-hosted base metal deposits, and contain millions of tonnes of Zn, Pb and reduced sulfur 
(Leach et al., 2010), yet there are few paleohydrological constraints on the basin-scale controls on mass 
transfer in these systems. As a result, it is not well understood why exceptional periods of metallogenesis 
are restricted to a limited number of sedimentary basins in the geological record or which aspects of basin 
evolution (e.g. rifting, sedimentation, burial) are integral to ore formation.

CD-type deposits are typically hosted by carbonaceous, fine-grained siliciclastic rocks deposited in exten-
sional settings (intracontinental or continental margin) and are not genetically associated with magmatic 
activity. Faults play a major role in the generation of both accommodation space for the host rock and as a 
conduit for hydrothermal fluid migration to the shallow subsurface or the seafloor (Cathles & Adams, 2005; 
Walsh et al., 2018). Traditional genetic models for CD-type deposits have considered sulphide mineraliza-
tion to be sedimentary exhalative (SEDEX; Large et al., 2005), which involves hydrothermal exhalation of 
a saline (3–23 wt.% NaCl equiv.), metal-rich fluid from a fault-bound feeder zone (or vent complex). The 
metals are leached from deep in the basin, and upon exhalation are precipitated as sulphide minerals (py-
rite, FeS2; sphalerite, ZnS; galena, PbS) during fluid mixing with anoxic sulphidic (euxinic) seawater (Good-
fellow et al., 1995). Inferred timescales of ore formation in the SEDEX model are long (>Myr), because 
protracted hydrothermal venting is necessary for the syn-sedimentary accumulation of sulphide minerals 
(Turner, 1992).

There are very few CD-type deposits where a fossilized vent complex is actually preserved in the geological 
record. As a result, CD-type deposits have been sub-divided into vent-proximal and vent-distal systems, 
with the latter considered to form after the migration of hydrothermal fluids away from the site of active 
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venting onto the seafloor (Sangster, 2018). The fine-grained nature of the mineralization and the paucity of 
vent or feeder complexes also means there are limited localities where fluid inclusions have been preserved 
(Magnall et al., 2016; Rajabi et al., 2014) and so the composition of ore-forming fluids is relatively uncon-
strained in many systems. Nevertheless, a broad framework has been proposed, which follows the use of 
this limited input data for thermodynamic modeling and involves sub-division of deposits into two groups 
(Cooke et al., 2000): McArthur-type, which formed from oxidising, low-temperature (<150°C), high-salinity 
(>18 wt.% NaCl equiv.) fluids, and Selwyn-type, which formed from reduced, high-temperature (>250°C), 
intermediate-salinity (<12 wt.% NaCl equiv.) fluids. In both cases the salinity, redox and temperature are 
considered to have provided a major control on the efficiency of metal transport and deposition.

The North American Cordillera contains two basins with exceptional metal endowment: the Mississip-
ian Kuna Basin which hosts the giant Red Dog deposits and the Selwyn Basin. The Selwyn Basin con-
tains CD-type deposits that formed in the Cambrian, Ordovician-Silurian and Late Devonian (Goodfellow 
et al., 1995). Recent work on the Late Devonian Tom and Jason deposits (Macmillan Pass) has shown how 
sub-seafloor replacement (<1 km depth) of diagenetic barite rather than true SEDEX processes could have 
produced mineralization (Magnall et al., 2020). The deposits at Macmillan Pass are currently subeconomic 
(which is partly related to the remote location; Figure 1); however, they are high grade (39.5 Mt at 10% Zn 
equivalent, inferred; Fireweed Zn Resources) and exploration is still underway to determine the overall size 
of these systems. Moreover, the Macmillan Pass deposits are relatively undeformed and are one of the few 
localities where feeder complexes are preserved. Therefore, these deposits have commonly been used as the 
type locality for this mineral system (e.g. Goodfellow et al., 1995). Geochemical and isotopic analyses on 
feeder complex samples from Macmillan Pass have shown that the metal-bearing fluids were hot (300°C) 
and low salinity (<6 wt.% NaCl equiv.; Magnall et al., 2016). In the absence of coeval magmatic activity, 
there are some fundamental outstanding questions relating to how such hot hydrothermal fluids can be 
generated and migrate to form Macmillan Pass style deposits in the shallow subsurface in ancient marine 
basins.

Previous studies have evaluated basin-scale paleohydrology of mineral systems using numerical fluid-flow 
models (Ingebritsen & Appold, 2012 and references therein; Oliver et al., 2006). Tectonic squeezing and sed-
imentary compaction models have been tested, but results suggest that fluid flow rates from compression 
are too slow to be an effective driver for fluid flow over large distances (Garven, 1995; Ge & Garven, 1992). 
Rift basins containing CD-type deposits also lack a sufficiently large hydraulic head for basin-scale topog-
raphy-driven flow controlled by regional-scale orogenic belts (e.g. Appold & Garven, 1999). Rather, thermal 
convection has been modeled as an effective mechanism of mass and energy transport in extensional ba-
sins (Simms & Garven, 2004; Yang et al., 2006). Thermohaline convection models also show that residual 
brines from seawater evaporation within shelf carbonate sequences have the potential to laterally migrate 
into contiguous ocean basins (Manning & Emsbo, 2018). Nevertheless, the relative roles and timing of the 
potential driving forces of fluid flow remain uncertain, including regional topography, sediment compac-
tion, tectonic deformation, thermal convection, salinity-dependent density gradients and episodic tapping 
of overpressured fluid reservoirs.

There has been no detailed consideration of the paleohydrological factors that might have imposed a 
first-order control on CD-type metallogenesis during the evolution of the Selwyn Basin. Previously, the 
secular distribution of CD-type deposits was linked to periods of basin stagnation and the presence of a 
favorable metal trap (Goodfellow & Lydon, 2007). For the present study, we describe a numerical model 
that has been parameterized using recent studies at Macmillan Pass. Our study focusses on the physical 
hydrology and thermal evolution during an idealized ore-forming event. We further constrain metal fluxes 
by explicitly taking into account the limiting factors of metal availability in the source rocks and empirical 
approximations for temperature-dependent metal solubilities in the hydrothermal fluids. We evaluate the 
effect of the initial pressure distribution, the presence of geological units (aquitard vs. aquifer) and the 
timing of both fault opening and heat anomaly in the formation of a CD-type deposit. The results show 
how key aspects of basin evolution (rifting and burial) might have been optimized to result in crustal-scale 
self-organization of ore-forming processes.
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2.  Geological Framework and Model Geometry
The Selwyn Basin has an area of ∼140 × 103 km2 and is the largest basin of the Canadian Cordillera (Cecile 
et al., 1997). The earliest stage of basin formation involved Cordilleran rift development during moderate 
lithospheric stretching and breakup of the Rodinian supercontinent between the early Tonian to Cryo-
genian (Colpron et al., 2002; Yonkee et al., 2014). Neoproterozoic to Cambrian age sedimentary rocks of the 
Windermere Supergroup record syn-rift deposition that was associated with Rodinian breakup (Moynihan 
et al., 2019; Strauss et al., 2015). A passive continental margin then developed along the western margin of 
ancestral North America (Laurentia; Lund, 2008). Overlying the Windermere Supergroup are extensive plat-
formal carbonate and coeval fine-grained basinal strata of the Hyland Group (Cecile et al., 1997). Between 
the Mid-Cambrian to Late Devonian, episodic extension and associated subsidence resulted in deposition 
of extensive fine-grained siliciclastic rocks along the Laurentian margin (Cecile et al., 1997; Lund, 2008).

Mid-Cambrian to Upper Devonian magmatism is found at a number of stratigraphic levels and has been 
linked with episodic extension (Cecile et al., 1997; Lund, 2008). Magmatic sill complexes and alkalic volcan-
ism are concentrated along rift-parallel normal faults, and in particular at transfer-transform zones where 
there is offset between these faults (Goodfellow et al., 1995). This low-volume post-breakup magmatism has 
been linked to margin-scale extension. The age and chemistry of the volcanic rocks is consistent with a post-
breakup origin and low-degree partial melting of an enriched lithospheric mantle source, comparable with 
hyperextension in a magma-poor continental rift environment (Campbell et al., 2019).

There were three main periods of CD-type metallogenesis during the evolution of the passive continental 
margin in the Selwyn Basin (Goodfellow, 2007). Deposits are located in fine-grained, carbonaceous units 
during the Cambrian, Silurian and Devonian, which also coincide with periods of magmatism (Goodfellow 
et al., 1995). Magmas accumulated at the base of the crust have been proposed as a potential conductive heat 
source for the hydrothermal activity during mineralization (Goodfellow, 2007). However, despite observa-
tions that transfer-transform zones are associated with the distribution of CD-type deposits (Lund, 2008) 
there is no evidence of direct magmatic input to any of the Selwyn Basin CD-type deposits. Rather, it has 
been suggested that both low-volume magmatism and hydrothermal activity were mutually exclusive fea-
tures of the tectonic environment (Magnall et al., 2016). Similar to deep-seated magmatism, crustal exten-
sion in magma-poor continental margins can also result in anomalously high geothermal gradients (e.g. 
80°C/km; Hart et al., 2017).

For the model geoemetry, a condensed stratigraphy along a 250-km long two-dimensional cross-section 
was developed from the compilations from Gordey and Anderson (1993) and Martel et al. (2011) (Figure 1), 
including the Windermere Supergroup (Neoproterozoic: shales, siltstones, sandstones, conglomerates, do-
lostones and limestones), Hyland Group (Neoproterozoic to Lower Cambrian: shales, siltstones sandstones 
and conglomerates), Road River Group (Ordovician to Silurian: shales, mudstones and siltstones) and Earn 
Group (Lower to Upper Devonian: shales, sandstones, conglomerates and limestones). The right-hand side 
of the modeling domain represents the Mackenzie Platform, which comprises Neoproterozoic to Middle 
Devonian limestones and dolostones overlain by Upper Devonian siliciclastic units. The Mackenzie Plat-
form and part of the Selwyn Basin on the left-hand side of the domain are underlain by local basement, the 
Mackenzie Mountains Supergroup (Neoproterozoic: sandstones and dolostones).

The thickness of the sedimentary sequence of the Selwyn Basin increases with distance from the conti-
nental margin and can be more than 30 km (Cook et al., 2004). Only the first 10 km are considered in the 
simulations, because beneath this level, permeability and porosity values are expected to be too low to be 
significant for the ore-forming hydrothermal system (Garven et al., 2001; Ingebritsen & Manning, 2010). 
Toward the center of the profile, the rock domains have a gentle slope to the left, representing a typical rift 
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Figure 1.  Simplified geologic map and cross-section across the Selwyn Basin and Mackenzie Platform in Western Canada, with a condensed stratigraphy and 
the location of clastic-dominant (CD-type) and Mississippi Valley-type (MVT) deposits (Goodfellow, 2007; Gordey & Anderson, 1993; Martel et al., 2011). The 
stratigraphic column is a condensate of the Selwyn Basin and adjoining McKenzie Platform, with hiatuses represented by vertical lines (modified from Martel 
et al., 2011). The two-dimensional modeling domain is 250 km wide, but only an area of 50 km width around the three faults above the maximum bottom heat 
flux (dashed rectangle) is shown in Figures 2–6. Depth is shown relative to the lowermost location of the seafloor on the left-hand side and horizontal distance 
relative to the maximum bottom heat flux. Note that the vertical scale is exaggerated in the representation of the full domain, but is to scale in the 50 km-
excerpt, which also shows the mesh resolution. The temporal evolutions of temperature and metal contents at the modeled deposit site in the uppermost grid 
cell along the central fault (observation point) are shown in Figure 7.



Geochemistry, Geophysics, Geosystems

structure. Three 100-m wide fault zones are included with a dip angle of 45°, representing typical normal 
faults in extensional sedimentary settings (Jackson,  1987; Morley, 1995). The model is discretized using 
73,100 triangular elements with a progressive mesh refinement in the fault domains. The uppermost cells 
of the mesh represent both the seafloor and the shallow subsurface, so the simulations cannot provide any 
constraints on the source of reduced sulfur or precise location of mineralization.

3.  Methods
3.1.  Numerical Model

We calculate fluid flow with a continuum, porous medium approach using the Control Volume Finite 
Element Method numerical scheme implemented in the Complex Systems Modeling Platform (Weis 
et al., 2014). The model can represent compressible fluid flow using a realistic representation of nonlinear 
fluid properties (e.g. density, viscosity, enthalpy) and physical separation of fully miscible, multi-phase flu-
ids (liquid, vapor and halite) in the H2O-NaCl system, covering temperatures up to 1000°C and pressures 
up to 500 MPa (Driesner, 2007; Driesner & Heinrich, 2007). We calculate energy and mass conservation by 
solving for adective fluid flow, thermal conduction as well as diffusion and dispersion of solutes (Bear, 1972; 
Ingebritsen et al., 2006; Phillips, 1991). We assume that fluid and rock are in local thermal equilibrium, 
requiring that the total enthalpy is distributed over the fluid and rock contained in a given mesh volume. A 
detailed description of the numerical approach and benchmark solutions are provided in Weis et al. (2014).

We apply constant permeability values for the simplified stratigraphy according to the predominant lithol-
ogy in each rock domain (Figure 1). The lowest permeability values are assigned to the quasi-impermeable 
basement (10−19 m2) and the shale-dominated Road River Group (5.0 × 10−19 m2), which is the main aquitard 
within the Selwyn Basin. Intermediate permeability values that allow advective solute transport but inhibit 
advective heat transport (Ingebritsen et al., 2006) have been assigned to the uppermost layers comprising 
the shale-containing Earn Group of the Selwyn Basin (10−17 m2) and the Mackenzie Platform (10−16 m2). At 
the base of the sequence, the sandstones and conglomerates of the Windermere Supergroup that are as-
sumed to form a potential aquifer and metal source rock have been assigned a permeability value typical for 
advective heat transfer (10−15 m2). The Hyland Group, which contains both abundant shale and sandstone 
layers, has been modeled both as an aquitard (5.0 × 10−19 m2) and aquifer (5.0 × 10−15 m2). When inactive, 
fault zone domains are given the same permeability values as their host units. With faulting, these fault zone 
domains are assigned the highest permeability values in the modeling domain (10−14 m2). Constraints from 
steady-state models and in-situ measurements from continental margins worldwide consistently indicate 
temporally and spatially averaged fault zone permeabilities in the range of 10−13–10−15 m2 (Saffer, 2015). 
We assume that permeability at several kilometers depth is dominantly generated by microfracturing and 
therefore use isotropic values.

Bathymetry-dependent constant hydrostatic fluid pressures (2.87–9.85 MPa) are used to describe the top 
boundary of the modeling domain, which represents the seafloor at depths from 300  m (right side) to 
1,000 m (left side) below sea level. The temperature at the top can vary between a constant value of 10°C on 
nodes with fluid recharge and variable values at discharge nodes, allowing for high-temperature venting. A 
constant seawater salinity of 3.2 wt. % NaCl is used for the initial and recharge fluids. The bottom boundary 
at about 10-km depth is treated as impermeable and uses a background heat flux (75 mW/m2), in agreement 
with measurements in the northern Canadian Cordillera (Hyndman, 2010; Lewis et al., 2003). As a heat 
anomaly to drive fluid flow, the introduction of a bell-shaped heat flux is centered at 85 km (below the cen-
tral fault) and follows a Gaussian profile (Qmin = 75 mW/m2, Qmax = 150 mW/m2, σ = 10), consistent with a 
low-viscosity crustal layer due to partial melting and/or hydration within a continental crust during active 
extension (Li et al., 2019). The left and right boundaries use no-flow conditions and have been placed far 
away from the domain of interest to avoid boundary effects.

We use constant and uniform values for rock density (2,400 kg m−3), porosity (10%), heat capacity (880 J 
kg−1°C−1), thermal conductivity (2.5 W m−1°C−1), and diffusion-dispersion coefficients (10−12 m2 s−1).
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3.2.  Proxies for Metal Leaching and Enrichment

The main focus of this study is on the physical hydrology and thermal evolution of the basin during an 
idealized ore-forming event. Advective fluid flow at temperatures above 300°C is of critical importance, be-
cause metal solubilities in hydrothermal fluids are strongly temperature dependent. Metal leaching, trans-
port and precipitation in nature depends on chemical speciation and therefore also on other parameters like 
pH and redox conditions. However, full reactive-transport modeling rather focusses on lower-temperature 
and geochemically less complex systems (Yao & Demicco, 1997; Yapparova et al., 2017a, 2017b) and the 
thermodynamic databases that can cover chemical speciation for base metal transport at such high temper-
atures are currently still under development, e.g. investigating the roles of chloride and bisulfide complex-
ing for metal transport (Etschmann et al., 2019; Zhong et al., 2015). Therefore, numerical simulations of 
high-temperature hydrothermal systems commonly single out the strong temperature dependence of metal 
solubility to constrain their potential to form ore deposits, such as porphyry copper or volcanic-hosted mas-
sive sulphide deposits (Andersen et al., 2017; Weis et al., 2012).

As a simplification, this study focusses on the thermal controls on metal leaching and enrichment by intro-
ducing proxies for “metal enrichment potentials”, which are calculated using temperature-dependent func-
tions for both Zn and Pb solubilities (log Zn (ppm) = 5.5759–1790.1/T(K); log Pb (ppm) = 4.6716–1338.0/
T(K)) in saline fluids from the literature (from Yardley, 2005 and references therein) (Figure S1). Such data 
are also used for comparison with predictions from thermodynamic models (Zhong et al., 2015) and hence 
can serve as first-order approximations since there are no adequate modeling tools to predict the redox state, 
pH and chemical speciation of base metals for multi-phase fluid flow at the temperature range of interest for 
this study. Uniform Zn and Pb concentrations (128 and 23 ppm, respectively) have been used for the initial 
rock conditions over the entire modeling domain, and are based on average values from leaching experi-
ments on samples from drilling along a transect across western Canada (Lydon, 2015).

In our numerical model, the initial concentrations of Zn and Pb in the sedimentary units can be leached, 
transported and precipitated by the hydrothermal fluids during the evolution of the simulated hydrother-
mal system. Slow fluid flow velocities provide the justification for assuming that fluids undersaturated in 
Pb and Zn can efficiently leach these metals from the host rock in the given mesh volume until full deple-
tion. Fluids then become oversaturated and precipitate Zn and Pb due to temperature changes during fluid 
transport. Remobilization and reprecipitation of metals can also occur during subsequent fluid flow but 
fluids leaving the modeling domain to the ocean precipitate all their metal contents at the top boundary, 
mimicking the formation of massive sulphide deposits at or near vent sites. We then calculate Zn and Pb 
enrichment potentials by dividing the simulated Zn and Pb contents of rock and fluid at a given timestep 
by their respective initial contents, with values between 0 and 1 indicating regions of net metal leaching 
and values above 1 providing the local enrichment factor with respect to the metal content of average sed-
imentary rocks. Economic ore grades in sediment-hosted base metal deposits typically require enrichment 
factors of at least 1000 (Heinrich & Candela, 2014; Wilkinson, 2014). For the hypothetical ore deposit at the 
observation point (Figure 1), we then calculate a potential metal endowment in Mt for comparison of our 
modeled proxy with the real deposits.

3.3.  Assumptions, Limitations and Scope

The simplified, generic modeling set-up relies on a number of assumptions that should be considered for 
the following discussion. We model a potential ore-forming period in the Late Devonian, but sedimentary 
basins develop over much longer time spans in response to geodynamic processes and so do the fluids re-
tained in, and passing through, their rock units. The model is also restricted to a two-dimensional cross-sec-
tion of a nominal thickness of 1 m in the 3rd dimension. Leaching, precipitation and remobilization of 
metals in the subsurface will likely be less efficient than modeled here and will be a function of chemical 
speciation (incl. pH, redox). Also, the model does not account for salinity-dependent solubility of metals, 
but rather investigates the potential to form a deposit from hydrothermal circulation of fluids that originat-
ed from normal seawater.

With increasing depth, the absolute permeability values of sedimentary layers will be less dependent on in-
tergranular pore space and controlled more by fracture networks, which can greatly vary within tectonically 
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active crust (Ingebritsen & Manning, 2010). There may be time periods 
with purely conductive heat transfer and suppressed fluid flow. This can 
be modeled by calculating initial temperature conditions that follow a 
linear geothermal gradient calculated from the applied bottom heat flux 
(including or excluding a heat anomaly). Initial fluid pressures are cal-
culated assuming either a hydrostatic or lithostatic pressure gradient 
as end-member scenarios, depending on the assumed pore-space con-
nectivity within the sedimentary units at depth. During tectonically ac-
tive time periods of basin evolution, the permeability of deep sedimen-
tary units and fault zones can then be increased due to stress-related 
microfracturing and fault activation, respectively, leading to basin-scale 
fluid flow.

The numerical model aims to simulate the hydro-geochemical response 
to a rifting event during extension and thinning of the continental crust. 
In a series of simulations (Table  1) different parameters are varied to 
evaluate (1) the timing of fault opening (at simulation times t = 0, 0.5, 1.0 
and 1.5 Myr), (2) the initial fluid pressure distribution from hydrostatic 
(free convection) to lithostatic (overpressured, confined), (3) the perme-
ability of the Hyland Group (aquitard vs. aquifer), and (4) the timing of 
the heat anomaly (at simulation times t = 0 and 1 Myr).

4.  Results
4.1.  Fluid Evolution

The initial geothermal gradient results in a temperature distribution with a bulge above the heat anomaly 
described by the bell-shaped bottom heat flux profile (Figure 1). The units with relatively low permeability 
values (basement and Earn, Road River and Hyland Groups) have a conduction-dominated temperature 
profile (Figure 2a, simulation 1). In contrast, heat transfer within the more permeable Windermere Su-
pergroup as the main aquifer is dominated by fluid advection, resulting in temperature distributions with 
hotter up-flow and colder down-flow zones. The hydrothermal system starts with several convection cells 
(e.g. after 100 kyrs; Figure 2a) and Darcy velocities in the order of 10−9-10−8 m s−1 in the upflow zone, until 
eventually forming elongated convection cells (500 kyrs; Figure 2b). The part of the Windemere Group at 
temperatures above 300°C is limited to 10–15 km distance from the peak of the heat anomaly.

Following the opening of the faults after 500 kyr, fluids ascend along the central fault above the peak of the 
heat anomaly with Darcy velocities of 1–2 orders of magnitude higher (10−7 m s−1) and recharge is focused 
along the two lateral faults with lower fluid velocities compared to the upflow zone (Figure  2c). These 
structurally and topographically controlled discharge and recharge patterns start to influence the large-
scale convective regime within the deep aquifer by reorganization of the original convection cells into cells 
spanning from fault to fault. After 585 kyrs, the system reaches the highest venting temperatures with 275°C 
at the tip of the central fault. However, at that time, the deep reservoir above the heat anomaly has already 
been cooled down due to the incoming colder recharge fluids from the lateral fault zones. This cooling effect 
continues with time until only a small region between the peak heat anomaly and the fault intersection at 
the contact between the aquifer and aquitard reaches temperatures above 300°C (1 Myr; Figure 2d). As a re-
sult of the cooling, the mobility of the fluids and the buoyancy force for fluid flow are also reduced, leading 
to a general reduction in fluid velocities. With time, the main upflow zone has moved up the slope of the 
aquifer from left of the peak anomaly (Figure 2b), to immediately above it (Figure 2c) and finally 2–3 km to 
the right of it (Figure 2d).

4.2.  Timing of Fault Opening

When the faults and the aquifer are activated simultaneously at the beginning of the simulation, hot fluids 
with temperatures initially up to >500°C can be tapped and transported upward along the central fault (Fig-
ure 3, simulation 2). The hydrothermal system develops from a conduction-dominated thermal profile after 
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Simulation Figures

Scenario parameters

Timing 
of fault 
opening 

(Myr)
Initial 

pressure

Permeability 
of Hyland 

Group

Timing 
of heat 

anomaly 
(Myr)

1 2, 6a, 7a 0.5 hydrostatic aquitard 0

2 3, 6b, 7a 0 hydrostatic aquitard 0

3 4, 6c, 7a 0 lithostatic aquitard 0

4 7a 0.5 lithostatic aquitard 0

5 7a 1 lithostatic aquitard 0

6 5, 6d, 7b 0 lithostatic aquifer 0

7 7b 0.5 lithostatic aquifer 0

8 7b 1 lithostatic aquifer 0

9 7c 1.5 lithostatic aquitard 1

10 7c 1.5 lithostatic aquifer 1

Table 1 
Simulation Set-Ups
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1 kyr of simulation time (Figure 3a) to several convection cells after 32 kyr (Figure 3b) and eventually to the 
large-scale convection pattern in the Windermere Supergroup after 91 kyr (Figure 3c), which is comparable 
to the state of the hydrothermal system at 585 kyr in the previous simulation (Figure 2c). The hydrothermal 
system reaches its peak venting temperatures slightly later than the previous simulation (91 kyr compared 
to 85 kyr after fault opening), but reaches slightly higher temperatures of 282°C. At these peak conditions, 
the fluids are phase-separating into liquid and vapor, albeit only locally at the vent site.

As in the previous scenario, fluids discharge along the central fault zone and recharge both along the lateral 
faults, which also leads to continuous cooling of the reservoir. However, the hydrothermal system in simu-
lation 2 is generally hotter than in simulation 1, which experienced 500 kyr of cooling due to heat advection 
in the deep aquifer prior to fault opening. The generally higher temperatures are also reflected by systemat-
ically higher fluid velocities in simulation 2 compared to simulation 1.

4.3.  The Role of Fluid Overpressure

When fault opening is started at the beginning of a simulation with a confined, over-pressured reservoir 
under near-lithostatic fluid pressures, fluids quickly migrate up the continental slope and along all three 
fault structures (Figure 4a, simulation 3). Fluid velocities reach peak values of about 10−8 m s−1 within 
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Figure 2.  Fluid evolution of the hydrothermal system with the Windermere Supergroup as the main aquifer after 
100 kyr (a), 500 kyr (b), 585 kyr (c) and 1 Myr (d) of simulation time with fault activation after 500 kyr (simulation 1, 
Table 1). The colors show isotherms every 100°C. Fluid velocities use different scales and arrows for flow in aquifers 
and fault zones and only a selection of arrows are shown for graphical reasons.
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the aquifer and 2∙10−7 m s−1 along the left and center fault zones. When fluid pressures are reduced to 
near-hydrostatic values, up-flow remains focused along the central fault and down-flow is directed along 
the topographic gradient toward the Selwyn Basin and also along the two lateral faults (Figure 4b). Similar 
to simulation 2 (Figure 3), the hydrothermal system starts to form convection cells, which eventually result 
in the same elongated fault-to-fault convection pattern (Figure 4c).

In contrast to the previous two simulations, the hydrothermal system reaches three stages of peak tem-
perature conditions at the vent site of the central fault: an immediate high-temperature pulse with 154°C 
after 1 kyr (Figure 4a), a second peak with 259°C after 32 kyrs (Figure 4b) and a third peak with 282°C after 
91 kyr (Figure 4c). The third peak is identical to the peak with two-phase conditions from the previous 
simulation without overpressured initial conditions (Figure 3c) and therefore related to the fault-to-fault 
convection pattern. In contrast, the first two peaks are absent in the previous simulation and have to be 
related to the initial expulsion phase. While the first peak can be seen as an immediate response of the 
expulsion event (Figure 4a), the second peak likely represents the arrival time of the hottest fluids from the 
deep aquifer (Figure 4b). Dividing the maximum depth of the domain (10 km) by the arrival time (32 kyr) 
gives an average fluid velocity in the order of 10−8 m s−1 (=0.31536 m yr−1), which is in line with the average 
velocities calculated for the system. The initially expelled fluids with a temperature of >500 °C are cooled 
during ascent by admixing of cooler fluids from shallower levels of the aquifer after fluid pressures drop to 
near-hydrostatic values and by conductive heat loss to the sides of the fault zone, eventually reaching the 
venting temperature of 259°C at 32 kyrs.

In comparison to the simulation without initially overpressured conditions, the hydrothermal system from 
the simulation with overpressure is notably cooler both after 32 kyrs (Figures 3b and 4b) and 91 kyrs (Fig-
ures 3c and 4c), indicating that the initial fluid expulsion phase increased the rate of heat transfer from 
deeper to shallower levels.
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Figure 3.  Fluid evolution of the hydrothermal system with the Windermere Supergroup as the main aquifer after 1 kyr 
(a), 32 kyr (b), and 91 kyr (c) of simulation time with fault activation at the beginning (simulation 2, Table 1). Legend as 
in Figure 2. The small greenish area at the tip of the central fault indicates two-phase conditions (liquid and vapor).
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4.4.  The Role of Strata Permeability

When the Hyland Group is treated as an additional aquifer, fluid flow velocities during the initial expulsion 
stage are similar to the ones of the previous simulation in the uppermost parts of the fault zones, but are 
reduced in the Windermere Supergroup (Figure 5a). Velocities within the Hyland Group are similar to the 
ones within the Windermere Supergroup in the simulations with the Hyland Group as an aquitard (Fig-
ures 4a and 4b).

After the initial expulsion phase and during large-scale convection, fluid velocities in the Windemere Su-
pergroup are similar to the ones in previous simulations (Figures 5b and 5c). Deep convection is connected 
to fluid flow in the Hyland Group at intermediate depth, where fluid velocities are increased to values up to 
several 10−8 m s−1, due to the higher strata permeability (Figure 5b). While the velocities of fluid recharge 
are similar to the ones of the previous simulation, the fluid velocities along the central fault zone are re-
duced (Figures 4b and 5b). The vertically more extended convective pattern results in faster cooling of the 
basin. For example, at 32 kyrs the Windemere Supergroup has cooled almost entirely below 400°C (Fig-
ure 5b), in contrast to the simulation with the Hyland Group as an aquitard (Figure 4b).

After 161 kyrs, the system has cooled further and fluid advection has established the fault-to-fault convec-
tion pattern between both aquifers (Figure 5c). Fluid velocities in the fault zones are considerably reduced. 
Fluid velocities in the aquifer are highest in the vertical up-flow zone and in the horizontal flow at the con-
tact to the overlying low-permeability units of the Road River Group.

As in the previous simulation with an initially overpressured reservoir, the system develops three high-tem-
perature events. The first temperature peak of 139°C is after 1 kyrs (Figure 5a). The second temperature 
peak of 242°C is after 32 kyrs and represents the arrival of the hottest fluids at the central fault zone (Fig-
ure 5b). Both of these temperatures are lower than in the simulation with the Hyland Group as an aquitard, 
reflecting the additional cooling by advective fluid flow at intermediate depths. The third peak arrives after 
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Figure 4.  Fluid evolution of the hydrothermal system with the Windermere Supergroup as the main aquifer after 1 kyr 
(a), 32 kyr (b), and 91 kyr (c) of simulation time with fault activation at the beginning and an initially overpressured 
reservoir (simulation 3, Table 1). Legend as in Figure 3.
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161 kyrs (Figure 5c), which is considerably later than in the previous two simulations. The maximum vent 
temperature of 224°C resulting from the fault-to-fault convection pattern is also considerably lower than in 
all previous simulations, and this time is even lower than the second peak.

4.5.  Metal Leaching and Enrichment

The temperature-dependence of metal solubility leads to efficient metal leaching at temperatures exceeding 
300–350°C (red areas in Figures 2–5) and metal accumulation in regions where fluid flow is cooled below 
this temperature threshold (white areas in Figures 2–5). Areas with temperatures below 200°C (blue areas 
in Figures 2–5) and low permeabilities remain essentially unaffected by advective metal transport. Figure 6 
shows the degree of zinc leaching (with >50% and >90% of depletion represented by light and dark blue 
areas, respectively) and enrichment (with factors >2, >10 and >100 represented by green, yellow and red 
areas, respectively) at time steps 500 kyr after fault opening for the four simulations (Figures 2–5) as calcu-
lated from our proxy using temperature-dependent metal solubilies.

The results show that hydrothermal convection within the aquifers above the heat anomaly is very efficient 
in leaching (almost) all of the metal content. However, at the contact with the overlying aquitard, i.e. the 
Hyland Group (simulations 1–3; Figures 6a–6c) or the Road River Group (simulation 6; Figure 6d), where 
the hydrothermal flow system cools, metals are concentrated in two distal regions located at the down-flow 
limbs of the convection patterns (between 10 and 20 km from the heat anomaly). This metal enrichment 
encompasses a large section up the slope of the sedimentary sequence toward the Mackenzie Platform. In 
all simulations, this is the region where the circulating fluids are cooled most efficiently both from recharge 
fluids descending along the right fault zone and along the topography of the aquifer. During continuous 
cooling of the basin, metal solubilities remain too low for remobilization. With enrichment factors below 
100, these areas of metal accumulation would be uneconomic, but they cover relatively large areas and 
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Figure 5.  Fluid evolution of the hydrothermal system with the Windermere Supergroup and Hyland Group as the 
main aquifers after 1 kyr (a), 32 kyr (b), and 161 kyr (c) of simulation time with fault activation at the beginning and an 
initially overpressured reservoir (simulation 6, Table 1). Legend as in Figure 2.
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hence reduce the total amount of metals available for ore formation at the main up-flow zone along the 
central fault. Simulations 1 and 6 (Figures 6a and 6d) show a higher degree of enrichment than simulations 
2 and 3 (Figures 6b and 6c).

Metal accumulation due to cooling can also be observed where the left fault zone intersects the top of the 
main permeable aquifer (Windemere Supergroup in Figures 6a–6c and Hyland Group in Figure 6d). In 
simulation 1, an area with more than a 10-fold zinc enrichment stretches along several kilometers to the left 
side of the left fault zone (Figure 6a). In the three other simulations, this enrichment zone is more localized 
and also appears at the right side of the fault zone (Figures 6b–6d). In simulation 3 and to a lesser degree 
in simulation 6, there is an additional minor >2-fold enrichment along the upper parts of the left and right 
fault zones (Figure  6c, green areas). These minor metal accumulations result from the initial expulsion 
phase of deep fluids from the overpressured reservoir. After flow reversal from discharge to recharge, fluid 
temperatures are too low to efficiently remobilize these metals, and hence, they also slightly reduce the total 
amount of zinc available for ore formation. In simulation 6, the zinc enrichment potential locally reaches 
values above 100 (small red region in Figure 6d), where the horizontal flow of >200°C hot fluids at the con-
tact of the high-permeability Hyland Group and the low-permeability Road River Group is sharply cooled 
to below 200°C by the recharging fluids from the left fault zone (Figure 5c).

The highest values of zinc enrichment potential are reached at the uppermost segment of the central 
fault zone. Some minor accumulation (>2-fold enrichment) spreads out laterally, but most of the zinc is 
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Figure 6.  Zinc enrichment potential 500 kyr after fault opening in simulation 1 (a), 2 (b), 3 (c) and 6 (d), calculated as 
the ratio between total zinc content in fluid and rock divided by the initial zinc content. Leached regions are shown in 
blue (depletion <0.5) and different degrees of enrichment are shown as green, yellow and red areas.
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accumulated at one location with enrichment values exceeding 10,000 (small red region at the tip of the 
central fault in Figures 6a–6d). Even though the fluids are cooled during their ascent from the deep aquifer, 
all the zinc content is eventually transported up to the uppermost cells near the vent site, while the rest of 
the fault zone shows an almost complete depletion (values of <0.1; dark blue). This depletion within the 
entire fault zone documents that, with time, the hot fluids ascending along the central fault zone from the 
deep aquifer have become undersaturated in metals, because the remaining metal contents in the deep 
aquifer have been redistributed to lower-temperature regions where they are not efficiently remobilized, 
which lowers the potential of the system for further metal enrichment.

The results of lead enrichment potential show the same general features (Figure S2), although there are 
some deviations from the zinc enrichment potential that relate to the difference in temperature dependency 
and the lower initial concentrations in the host rock. Additional simulations with increased diffusion-dis-
persion coefficients of 10−8 m2 s−1 show some additional metal leaching from low-permeability units (Fig-
ure S3). However, the effect on the locations and amounts of metal enrichment is relatively minor, confirm-
ing that advective fluid flow is the key first-order process for ore formation in these systems.

4.6.  Constraints on Ore Formation

The highest temperatures and metal enrichments at the modeled site of ore formation are produced with 
near-lithostatic fluid pressures in the initial conditions and when fault opening is simultaneous with the 
heat anomaly at the beginning of the simulation (simulation 3; Figure 7a). The temperature during the 
transient expulsion event reaches 259°C in the initial phase of 32 kyr, followed by a peak of 282°C after 
90 kyr, the latter temperature being controlled by two-phase conditions. This temperature is identical to the 
simulation with initially hydrostatic fluid pressures (simulation 1), indicating that through-going convec-
tion across a deep aquifer is essential to reach high venting temperatures. Fault opening in the simulations 
at later times (0.5 and 1.0 Myr; simulations 4 and 5) produces a slight decrease in maximum temperature 
values (270 and 264°C, respectively) and arrival times after fault opening (72 and 69 kyr, respectively).

The timing of fault opening and fluid overpressure conditions has even stronger effects on the maximum Zn 
and Pb contents than on the temperature evolution. The initial mobilization phase from an overpressured 
reservoir results in metal enrichments of 45 Mt Zn and 10 Mt Pb. After this initial phase, metal concentra-
tions increase with time without reaching stable values, suggesting that the maximum metal contents are 
also dependent on the timing of fault closure and, therefore, related to the duration of the rifting event. 
The Zn contents are reduced when the reservoir is not overpressured during activation and the initializa-
tion phase reaches a value of∼35 Mt Zn. Fault opening at later stages of the simulation results in signifi-
cantly less metal endowment even though the peak temperatures are still above 250°C. The reduction in 
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Figure 7.  Temporal evolution of temperature and metal content (Zn and Pb) at the modeled deposit site at the uppermost grid cell along the central fault 
(circle in cross-section of Figure 1) from model scenarios using the Windermere Supergroup as the main aquifer (a, simulations 1–5), the Hyland Group as an 
additional aquifer (b, simulations 6–8), and applying a constant basal heat flux prior to the onset of the bell-shaped heat anomaly at 1 Myr and fault opening at 
1.5 Myr (c, simulations 9 and 10).
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maximum metal contents corresponds with the previously described mechanism of metal accumulation in 
regions where colder recharge inhibits remobilization (Figure 7a, simulations 1–5).

With the Hyland Group as an aquifer, the arrival times of the maximum venting temperatures after fault 
opening increase from 32 to 260 and 560 kyr and temperatures decrease from 242 to 182 and 176°C (Fig-
ure 7b; simulations 6–8). Despite the total mass of extractable metals in the potential permeable source 
rocks being larger, the total metal endowments at the simulated ore deposit site are significantly lower for 
Zn (the effect is less pronounced for Pb and with time).

Simulations were also performed to evaluate fluid convection with a constant background heat flux of 
75 mW/m2 followed by the introduction of the heat anomaly after 1 Myr and fault opening after 1.5 Myr 
(simulations 9 and 10; Figure 7c). These scenarios result in low venting temperatures and ore grades. With 
the Hyland Group as an aquitard, maximum venting temperatures of 187°C and metal enrichment of 10 Mt 
Zn and 9 Mt Pb are observed 0.9 Myr after the faults are opened. With the Hyland Group as an aquifer, 
maximum venting temperatures of 155°C and metal contents of Mt Zn and 8 Mt Pb are reached 1.79 Myr 
after fault opening.

5.  Discussion
5.1.  Heat Anomaly and Stratigraphic Confinement

The modeling results show that convective hydrothermal flow in the aquifers before fault opening sup-
pressed the temperature and overall metal budget of the mineralizing fluids. This effect is even more pro-
nounced if fluid circulation with a basal heat flux preceded the bell-shaped heat flux. Rather, the most 
efficient ore-forming system develops when a heat anomaly is introduced to a conduction-dominated basin 
with confined sedimentary layers, which inhibit fluid advection during this pre-heating phase. The assump-
tion of a conduction-dominated regime infers that the permeability values of even the coarser clastic units 
were relatively low when reaching several km burial depth, which is consistent with depth-dependent per-
meability profiles (Ingebritsen & Manning, 2010).

Such high geothermal gradients, like the one used in the models, could reflect either deep-seated magma-
tism or crustal extension in magma-poor continental margins (Hart et al., 2017). It was recently proposed 
that the Cordilleran margin of NW-America formed as a result of protracted (>300 Myr) hyperextension 
of continental crust during magma-poor rifting, analogous to the Newfoundland–Iberian rift system (Be-
ranek, 2017; Campbell et al., 2019). In the Nahanni district that borders Macmillan Pass, a mixture of tur-
biditic silt- and mudstones from the Hyland Group overlies the thick sequences of the syn-rift lithologies 
of the Windermere Supergroup (Gordey & Anderson, 1993). It is possible, therefore, that stratigraphic con-
finement of the Windermere Supergroup by these fine-grained sedimentary rocks resulted in the retention 
of heat deep in the basin. The optimal conditions then involve the Hyland Group acting as an aquitard 
and thermal insulator to the underlying Windermere Supergroup, which was the main source package for 
the metals. The generation and maintenance of fluid pressures above the hydrostatic gradient require the 
presence of a low-permeability barrier along the upper boundary of the overpressured region (Hunt, 1990; 
Powley, 1990). Extended periods with conduction-dominated thermal profiles and suppressed fluid flow in 
the sedimentary basin would provide the heat and time for the pore fluids to leach the metal contents from 
the source rocks.

5.2.  Episodic Rifting and Ore-Forming Events

In hyperextended settings, extension is typically accommodated by brittle behavior that is focused along 
faults (Pérez-Gussinyé et al., 2001). Metallogenesis in the Selwyn Basin post-dated the main stage of conti-
nental rifting, although the location of CD-type deposits in the Selwyn Basin has been linked to the reacti-
vation of earlier rift structures during short-lived extensional episodes in the Late Cambrian, Early Silurian, 
and Late Devonian (Lund, 2008). Periodic extension likely resulted in transient permeability pathways for 
fluids from the deep, confined aquifer to reach the shallow subsurface and the sites of CD-type mineral-
ization. Indeed, the most efficient way to form a Zn-Pb deposit in the numerical simulations is to breach 
the hot, overpressured fluid reservoir of the Windermere Supergroup. However, if the aquifer permeability 
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is increased prior to fault opening, metals can be mobilized by fluid flow in the aquifer and accumulate in 
lower-temperature domains in the basin, where they are not remobilized by later recharge fluids.

The role of faults in providing a conduit for fluids sourced from depth is a feature of sedimentary basins, and 
even for relatively low displacement faults (<200 m) it is possible that these permeability structures extend 
deep into the underlying basement and even the mantle (Davidheiser-Kroll et al., 2014; Muchez et al., 2005; 
Walsh et al., 2018). The permeability of faults tends to be a transient and heterogeneous parameter (Bekins 
et al., 1995; Neuzil, 2019; Saffer, 2015) that can be enhanced or decreased in response to tectonism, fluid 
production and geochemical reactions (Ingebritsen & Gleeson,  2015; Manga et  al.,  2012). Episodic flow 
regimes in which fault ruptures tap into overpressured fluid reservoirs have been described qualitatively as 
fault-valve models (Cox, 1995; Sibson et al., 1988). Fault-valve processes result in episodic migration of fluid 
batches through fault-controlled hydrothermal systems (Cox, 2005). Nevertheless, an increase of fault zone 
permeability alone would lead to locally restricted hydrothermal convection and greatly reduce the volume 
of source rock that can be leached. Our modeling results suggest that simultaneous permeability increases 
in both faults and aquifers are required to maximize the ore-forming potential of the hydrothermal system.

Our results indicate that short-lived mineralization events in the order of 100 kyr related to a basin-scale 
extensional event have the greatest potential to form high-grade fault-controlled ore deposits. Assuming 
similar processes, Cathles & Smith (1983) predicted that overpressured fluids in sedimentary basins could 
be expelled into overlaying strata and events shorter than 1 kyr every 1 Myr could explain mineral zonation 
patterns and temperatures recorded in MVT deposits. Numerical models by Ranganathan & Hanor (1989) 
and Ranganathan (1992) demonstrate that the expulsion of overpressured fluids along the Welsh salt dome 
in southwestern Louisiana formed brine plumes with a duration of less than 10 kyr. Additionally, numeri-
cal simulations of fluid flow and heat transport in the South Eugene Island minibasin, offshore Louisiana, 
show that expulsion of overpressured fluids along faults can produce temperature and pressure anomalies 
within a short time (250 yr) after fault opening (Roberts et al., 1996).

Despite the limitations of our modeling approach (see Methods), the calculated metal contents are within 
one or two orders of magnitude of the values reported for the CD-type deposits in the Selwyn Basin of Zn 
(2–6 Mt) and Pb (1–2 Mt) (Goodfellow, 2007), indicating that the modeled hydrothermal systems represent 
first-order processes on the appropriate scale. The timescale is in general agreement with other numerical 
modeling results (Cathles & Adams, 2005; Garven et al., 2001; Yang et al., 2004, 2006) and supported by 
recent deposit-scale studies, which have suggested that mineralization could form on short timescales via 
sub-seafloor replacement processes (Magnall et al., 2020). The simulations indicate that the predicted ore 
grades keep increasing slightly as long as the fault structures are open (Figure 7). However, rather than the 
long syn-depositional timescales invoked by SEDEX processes, these results mean that the formation of 
stratabound sulphide mineralization in the subsurface will be more dependent on the magnitude of fluid 
input and efficiency of fluid-rock interaction.

5.3.  Implications

Previous studies on CD-type deposits have emphasized the role of high-salinity brines for enhancing base 
metal solubilities and strongly reducing conditions at the seafloor as a metal trap. Both of these pre-requi-
sites require specific oceanographic, geochemical and hydrological conditions. In contrast, our modeling re-
sults indicate that it is possible to produce high grades using standard seawater-salinity fluids in a continen-
tal margin setting, given the right thermal architecture and timing of extension events. Our results contrast 
with recent work that has suggested that the suppression of geothermal gradients and fluid temperatures 
(<250°C) are important geodynamic factors for the metallogenesis of sediment-hosted ore deposits (Hog-
gard et al., 2020). Such conclusions may be relevant for McArthur-type deposits, but we would argue that 
heat enhances metal solubility in lower-salinity fluids, which may be more typical of Selwyn-type deposits. 
Where a fault provides a permeability structure to the shallow subsurface, fluid cooling and the presence of 
reduced sulfur in the shallow subsurface then results in metal deposition (Magnall et al., 2020).

Altogether, the results indicate that basin geometry and the location and timing of fault zones and heat in-
put control the ore-forming potential at certain areas of the basin. Magma-poor hyperextended continental 
margins may provide ideal alignments of fault geometries, lithological units, heat input and topographic 
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effects to increase the ore-forming potential. In the Selwyn Basin, the metal source was likely associated 
with the earlier stages of basin evolution. Rodinian breakup and the formation of the Laurentian margin 
coincided with Snowball Earth deglaciation and resulted in the deposition of a thick sequence of immature 
syn-rift clastic sedimentary rocks (Brenhin Keller et al., 2019). Leaching of metals from the Windermere Su-
pergroup would have been particularly efficient under elevated geothermal gradients that were associated 
with crustal hyperextension. The Windermere Supergroup was then likely insulated by a thick sequence of 
fine-grained sag-phase siliciclastic rocks that served as an aquitard and thermal blanket, thereby ensuring 
the development of a heated, confined aquifer.

6.  Conclusions
We used numerical fluid flow modeling to assess the hydro-geochemical response to an extensional tecton-
ic event at a passive continental margin and the formation of clastic-dominant (CD-type) massive sulfide 
deposits, taking observations from the Selwyn Basin in Canada as geological constraints for the model. We 
varied the timing of fault opening, the initial pressure distribution (overpressured vs. free convection), the 
permeability within the stratigraphic sequence (aquifer vs. aquitard), and the heat input. Tapping hot, over-
pressured, metal-rich fluids from a permeable and confined aquifer at 3–10 km depths and rapid migration 
along fault structures to the shallow subsurface present the most favorable conditions for the formation of 
Zn-Pb ores within a hyperextended margin. Extending the aquifer to shallower depths lowers the efficiency 
of ore formation, even though it increases the total mass of metals in potential permeable source rocks. 
Hydrothermal convection within the source rocks of the aquifer prior to fault opening reduces the ore-for-
mation capacity because it leads to cooling and thereby the reduction of metal solubility in the fluids. On 
the other hand, hydrothermal convection through the aquifer after a fluid expulsion event is required for 
sufficient mass flux of high-temperature metal-rich fluids to make an economic deposit. The later the open-
ing occurs after the heating event, the lower are the temperatures and metal contents of the mineralizing 
fluids. The time frame to create a Zn-Pb ore deposit similar to the ones in the Selwyn Basin is between 90 kyr 
and 1.79 Myr, with shorter-lived events producing higher ore grades.

Data Availability Statement
The study uses the software CSMP++ and the algebraic multi-grid solver SAMG, which are subject to li-
censing via https://mineralsystems.ethz.ch/software/csmp.html and https://www.scai.fraunhofer.de/de/
geschaeftsfelder/schnelle-loeser/produkte/samg.html. The necessary information on the numerical meth-
od and the simulation setups is provided in the methods section and the references therein (e.g., Weis 
et al., 2014).
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