minerals

Article

Prospectivity Mapping for Magmatic-Related Seafloor Massive
Sulfide on the Mid-Atlantic Ridge Applying
Weights-of-Evidence Method Based on GIS

Lushi Liu 1“2, Jilong Lu 1, Chunhui Tao ** and Shili Liao 2

check for

updates
Citation: Liu, L.; Lu,J.; Tao, C,; Liao,
S. Prospectivity Mapping for
Magmatic-Related Seafloor Massive
Sulfide on the Mid-Atlantic Ridge
Applying Weights-of-Evidence
Method Based on GIS. Minerals 2021,
11, 83. https://doi.org/10.3390/
min11010083

Received: 10 December 2020
Accepted: 12 January 2021
Published: 15 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Geo-exploration Science and Technology, Jilin University, Changchun 130026, China;
Isliul8@mails.jlu.edu.cn (L.L.); lujl@jlu.edu.cn (J.L.)

Second Institute of Oceanography, State Oceanic Administration, Hangzhou 310012, China;
liaosl.cug@gmail.com

*  Correspondence: taochunhui@sio.org.cn

Abstract: The Mid-Atlantic Ridge belongs to slow-spreading ridges. Hannington predicted that
there were a large number of mineral resources on slow-spreading ridges; however, seafloor massive
sulfide deposits usually develop thousands of meters below the seafloor, which make them extremely
difficult to explore. Therefore, it is necessary to use mineral prospectivity mapping to narrow the
exploration scope and improve exploration efficiency. Recently, Fang and Shao conducted mineral
prospectivity mapping of seafloor massive sulfide on the northern Mid-Atlantic Ridge, but the
mineral prospectivity mapping of magmatic-related seafloor massive sulfide on the whole Mid-
Atlantic Ridge scale has not yet been carried out. In this study, 11 types of data on magmatic-related
seafloor massive sulfide mineralization were collected on the Mid-Atlantic Ridge, namely water
depth, slope, oceanic crust thickness, large faults, small faults, ridge, bedrock age, spreading rate,
Bouguer gravity, and magnetic and seismic point density. Then, the favorable information was
extracted from these data to establish 11 predictive maps and to create a mineral potential model.
Finally, the weights-of-evidence method was applied to conduct mineral prospectivity mapping.
Weight values indicate that oceanic crust thickness, large faults, and spreading rate are the most
important prospecting criteria in the study area, which correspond with important ore-controlling
factors of magmatic-related seafloor massive sulfide on slow-spreading ridges. This illustrates that
the Mid-Atlantic Ridge is a typical slow-spreading ridge, and the mineral potential model presented
in this study can also be used on other typical slow-spreading ridges. Seven zones with high posterior
probabilities but without known hydrothermal fields were delineated as prospecting targets. The
results are helpful for narrowing the exploration scope on the Mid-Atlantic Ridge and can guide the
investigation of seafloor massive sulfide resources efficiently.

Keywords: mineral prospectivity mapping; mineral potential model; weights-of-evidence; seafloor
massive sulfide; Mid-Atlantic Ridge

1. Introduction

Due to increasing demand, mineral resources on land are depleting. However, the
progress of deep-sea exploration techniques has made exploration of seafloor mineral
resources a popular research subject [1]. Seafloor massive sulfides have attracted attention
because of their rich copper, zinc, gold, and silver contents [2]. The process of seafloor
massive sulfide mineralization is similar to that of ancient volcanic massive sulfide de-
posits preserved on land, both of which are formed by hydrothermal fluid. Since the first
hydrothermal field was discovered on the Galapagos Rift in 1977, the number of hydrother-
mal fields discovered has steadily increased [3]. More than 700 hydrothermal fields have
been discovered [4], approximately 86% of which are located on mid-ocean ridges, and
76 hydrothermal fields are located on the Mid-Atlantic Ridge (InterRidge Vents Database).
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However, the exploration of seafloor massive sulfide resources is still relatively new [5].
As seafloor massive sulfide deposits develop in the seafloor, delineating the prospecting
targets quickly and accurately is essential.

In the 21st century, the development of big data has provided a new way to quantita-
tively predict the locations of seafloor massive sulfides. Compared with mineral resources
on land, due to the limitations of physical conditions and techniques, very little exploration
has been done on seafloor massive sulfides; therefore, data related to their mineralization
are limited. In this study, using big data methods, we extracted favorable information
from available data to obtain prediction maps and transformed the conceptual model
into a quantitative mineral potential model. Recently, Fang and Shao conducted two and
three dimensional mineral prospectivity mapping of the northern Mid-Atlantic Ridge [6,7].
The above results can provide a basis for reducing the exploration scope; however, the
mineral prospectivity mapping of magmatic-related seafloor massive sulfides has not been
conducted for the entire Mid-Atlantic Ridge.

We collected 11 types of data covering the Mid-Atlantic Ridge, namely water depth,
slope, oceanic crust thickness, large faults, small faults, mid-ocean ridge, bedrock age,
spreading rate, Bouguer gravity, magnetism, and seismic point density, and present a
quantitative mineral potential model for magmatic-related seafloor massive sulfide on the
Mid-Atlantic Ridge. Based on the quantitative mineral potential model, the weights-of-
evidence method was applied for mineral prospectivity mapping. By comparing prediction
maps with high weight values in the study area to important ore-forming factors on slow-
spreading ridges, we determined that the Mid-Atlantic Ridge is a typical slow-spreading
ridge. Therefore, the mineral potential model in this study can also be used in other typical
slow-spreading ridges. In addition, 7 prospecting targets with high posterior probabilities
were delineated, which provide a basis for the exploration of magmatic-related seafloor
massive sulfides on the Mid-Atlantic Ridge.

2. Study Area

The Mid-Atlantic Ridge extends across the middle of the Atlantic Ocean in an inverse
“T” shape. It is a slow-spreading ridge, stretching from 87° N to 54° S [8]. The average width
of the Mid-Atlantic Ridge is approximately 1000-1300 km, and the length is 17,000 km,
accounting for 40% of the total length of global mid-ocean ridges. Along the central axis of
the Mid-Atlantic Ridge, there is a longitudinal rift valley 15-30 km wide and approximately
2 km deep, splitting the ridge in the middle, and the valley floor is approximately 1800 m
lower than the peak [9]. Tectonic activities surrounding the Mid-Atlantic Ridge are intense.
A highly developed transverse transform fault cuts the ridge into several segments. In
some areas, such as the Logatchev hydrothermal field, there are large detachment faults,
that when combined with extensive tectonic activities, result in the exposure of rocks from
the lower crust (gabbro) and upper mantle (peridotite).

Bounded by the Romanche transform fault near the equator, the Atlantic can be
divided into the north Atlantic and south Atlantic. The northern Mid-Atlantic Ridge
at 5.9-65.8° N is one of the most studied mid-ocean ridges for hydrothermal activities,
where seafloor massive sulfide deposits primarily occur, and the deposits are uniformly
distributed with an average distance of approximately 78 km. Famous hydrothermal fields
such as TAG, Logatchev, Rainbow, and Lost City have been discovered on the northern
Mid-Atlantic Ridge. A survey of hydrothermal activities on the southern Mid-Atlantic
Ridge was started in 2005, where several hydrothermal fields have been found, including
Red Lion, Turtle Pits, Wideawake, and Lilliput (Figure 1).
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Figure 1. Geology sketch of the Mid-Atlantic Ridge.

3. Genesis of Seafloor Massive Sulfide Deposits on the Mid-Atlantic Ridge

On mid-ocean ridges, seafloor massive sulfides form through the following process:
First, cold seawater flows into a channel formed by fissures in the oceanic crust or rock
fractures. In this process, cold seawater is heated by heat sources such as magma, and
metallic elements such as Cu, Fe, Zn, and Pb in the wall rock are leached out. Subsequently,
the heated seawater rises from the channel, forming hydrothermal sediments in vents,
which is considered the seafloor massive sulfide. Studies of modern seafloor massive
sulfide deposits show that the seafloor massive sulfide mineralization is controlled by
various factors, including deep magmatic activities, faults, seafloor topography, spreading
rate, sediment, and the type and permeability of wall rocks. Mineralization outcrops,
tectonism, geomorphologic shape, hydrothermal plumes, and geophysical and geochemical
information are prospecting indicators for seafloor massive sulfide. Compared with the
amount of seafloor massive sulfide formed on fast-spreading ridges, the number of deposits
formed on the Mid-Atlantic Ridge is higher due to its high permeability caused by intense
tectonic activities, large numbers of channels created by detachment faults, and a stable
metallogenic environment [10]. According to the genesis of seafloor massive sulfide
deposits, the hydrothermal fields on the Mid-Atlantic Ridge can be defined as either
magmatic-related or tectonic-related.

Magmatic-related hydrothermal fields are formed in mafic volcanic rocks, including
mid-oceanic ridge basalt and gabbro. The water depth of seafloor massive sulfide mineral-
ization varies widely, from 1500 to 5000 m. The available metallic elements are primarily
Cu and Zn, but the amounts of Cu and Zn in seafloor massive sulfides in magmatic-
related hydrothermal fields are less than those in tectonic hydrothermal fields. There are
76 magmatic-related hydrothermal fields on the Mid-Atlantic Ridge, including TAG, Lucky
Strike, and Broken Spur, among which TAG is the largest [11]. The TAG hydrothermal field
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was formed near the hanging wall of the detachment fault (Figure 2a). The basement rocks
are primarily basalts in the upper oceanic crust, and the metallogenic materials tend to
originate from the basalts. The heat source driving the hydrothermal circulation does not
come from the new volcanic center at the axis, but is related to the gabbro intrusion [12].
Owing to the poor permeability of massive or pillow volcanic rocks, the hydrothermal
fluid can only be discharged in an aggregate form along major faults. At the same time,
the stability of the hydrothermal system and the superposition of multiple hydrothermal
events result in the accumulation of seafloor massive sulfides in a small area on the seafloor.

The basement of tectonic-related hydrothermal fields is comprised of ultramafic
abyssal peridotites. This type of hydrothermal field often develops in the rift valley wall
at the end of the amagmatic segment on mid-ocean ridges (such as Logatchev 1 and Lo-
gatchev 2) (Figure 2b), in transform faults between segments (such as Lost City), and in
non-transform discontinuities (such as Rainbow) [13]. Their mineralization is primarily
controlled by tectonic activities related to detachment faults and gabbro intrusion. Detach-
ment faults provide a heat source and channels for tectonic-related seafloor massive sulfide
mineralization [12,14]. When the source of heat is deep below the seafloor, detachment
faults can cause the hydrothermal fluid to migrate up to ten km along the channel, result-
ing in the formation of seafloor massive sulfide far away from the heat source [15]. For
example, Logatchev 2 is 12 km off the ridge axis, and Lost City is 15 km off the axis. The
geological setting of Lost City greatly extends the possible location of hydrothermal fields
controlled by detachment faults on slow-spreading ridges rather than around the axis of
mid-ocean ridges. When gabbro intrusions control tectonic-related seafloor massive sulfide
mineralization, the heat comes not only from mantle material cooling and serpentinization
but also from geothermal gradient warming and deep lithospheric heat on mid-ocean
ridges [16].
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Figure 2. True-scale cross-sections through (a) magmatic-related TAG hydrothermal field; (b) tectonic-
related Logatchev hydrothermal field [17].

4. Data Compilation, Mapping, and Mineral Potential Model

When establishing predictive maps for the model, we should extract a favorable
interval containing the most training data in the smallest area [18]. By spatial analysis
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of known hydrothermal fields and collected data, the corresponding favorable intervals
were obtained. According to these intervals, we delineated 11 predictive maps and then
combined them to form a mineral potential model.

4.1. Data Compilation and Mapping
4.1.1. Hydrothermal Fields

We used 65 magmatic-related hydrothermal fields on the Mid-Atlantic Ridge as
training data in mineral prospectivity mapping, including 52 active hydrothermal fields

and 13 inactive hydrothermal fields. These data were obtained from InterRidge Vents
Database 3.4 and published papers (Table 1) [13,19].

Table 1. Basic information about hydrothermal fields.

ID Name Longitude Latitude Activity
1 AMAR —33.65 36.38 active, inferred
2 Ashadze 4 —44.85 12.97 inactive
3 Broken Spur —43.17 29.17 active, confirmed
4 Bubbylon —-31.53 37.80 active, confirmed
5 Deyin-1 —13.36 —15.17 active, confirmed
6 Evan —32.28 37.27 active, confirmed
7 Krasnov —46.48 16.64 inactive
8 Lilliput —13.18 —-9.55 active, confirmed
9 Logatchev 3 —44 .97 14.71 active, inferred
10 Logatchev 4 —44 91 14.71 inactive
11 Lucky Strike —32.27 37.29 active, confirmed
12 Sth. Lucky Strike, NTO3 —32.42 37.05 active, inferred
13 Luso —29.88 38.98 active, confirmed
14 MAR, 11 26’ N —43.70 11.45 active, inferred
15 MAR, 11 N —43.65 11.04 active, inferred
16 MAR, 1248’ N —44.79 12.80 inactive
17 MAR, 13 19N OCC —44.90 13.33 active, inferred
18 MAR, 14 54’ N —44.90 14.92 active, inferred
19 MAR, 16 46’ N —46.38 16.80 inactive
20 MAR, 17 09’ N —46.42 17.15 active, inferred
21 MAR, 19S —11.94 —19.33 active, inferred
22 MAR, 2230’ N —45.01 22.50 inactive
23 MAR, 2335’ N —45.00 23.58 inactive
24 MAR, 23S —13.39 —23.74 active, inferred
25 MAR, 24 20 'N —46.20 24.35 inactive
26 MAR, 2430’ N —46.15 24.50 inactive
27 MAR, 2550’ N —44.98 25.81 inactive
28 MAR, 27 N —44.50 27.00 active, inferred
29 MAR, 27 S —13.48 —27.15 active, inferred
30 MAR, 28 S —13.37 —27.79 active, inferred
31 MAR, 30N —42.50 30.03 active, inferred
32 MAR, 30 S —13.85 —29.95 active, inferred
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Table 1. Cont.

ID Name Longitude Latitude Activity

33 MAR, 33S —14.44 —33.02 active, inferred
34 MAR, 4 02’ S —12.25 —4.03 active, inferred
35 MAR, 448’ S —12.37 —4.81 active, confirmed
36 MAR, 43 N —29.00 43.00 active, inferred
37 MAR, 757' S —13.44 —-7.95 active, inferred
38 MAR, 8 10’ S —13.47 —8.17 active, inferred
39 MAI;.SEEL??;;:;& of 500 0.50 active, inferred
40 MAR&ZT:E;;;:E;O, N —45.00 15.08 active, inferred
41 Markov Deep —33.18 591 active, inferred
42 Menez Gwen —31.53 37.84 active, confirmed
43 Menez Hom —32.43 37.15 active, confirmed
44 Merian —13.85 —26.02 active, inferred
45 Moytirra —27.85 45.48 active, confirmed
46 N Oceanographer —34.87 35.28 active, inferred
47 Neptune’s Beard —44.90 12.91 active, inferred
48 North FAMOUS —32.97 36.97 active, inferred
49 Puy des Folles —45.64 20.51 active, inferred
50 Rainbow Bay —14.34 —14.03 active, inferred
51 Romanche Fracture —2451 ~0.98 inactive

Zone

52 SAMAR1 —34.08 36.08 active, inferred
53 S AMAR 2 —34.18 35.97 active, inferred
54 S Oceanographer —36.43 34.87 active, inferred
55 S-OH1 —36.85 34.53 active, inferred
56 S-OH2 —37.48 34.07 active, inferred
57 Semyenov —44.96 13.51 active, confirmed
58 Snake Pit —44.95 23.37 active, confirmed
59 South Kurchatov —29.55 40.47 active, inferred
60 St. Petersburg —45.87 19.87 active, inferred
61 TAG —44 .83 26.14 active, confirmed
62 TaiJi —14.52 —13.59 active, inferred
63 Vema Fracture Zone —41.80 10.85 inactive

64 Zenith-Victory —45.62 20.13 inactive

65 Zouyu ridge —14.41 —13.28 active, confirmed

4.1.2. Terrain Information
Water Depth

The main influence of water depth on seafloor massive sulfide deposits is its control of
the boiling of fluid and vapor phase separation. The greater the water depth and pressure,
the higher the boiling point of the corresponding fluid. If a fluid is less likely to boil,
the seafloor massive sulfide rapidly deposits and is metallogenic. The temperature of a
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hydrothermal fluid on the modern seafloor is generally around 350 °C. This temperature
is exactly the boiling point corresponding to the pressure at a water depth of 1500 m [10].
Therefore, 1500 m is the critical depth condition for the formation of large seafloor massive
sulfide deposits [20]. When the water depth is less than 1500 m, such as in the Menez
Gwen hydrothermal field, which is 800 m deep, the boiling point and metal content of
the hydrothermal fluid decrease. In that case, the formation of seafloor massive sulfide
deposits is inhibited.

Water depth data were obtained from the ETOPO1 model of the National Oceanic and
Atmospheric Administration (NOAA) Geophysical Data Center (NGDC), which integrates
land topography and ocean bathymetry at a resolution of 1 x 1’ [21]. Water depth statistics
where magmatic-related hydrothermal fields developed in the study area suggest that 80%
of the magmatic-related hydrothermal fields occurred in areas with water depths ranging
from 3000 to 2500 m below the ocean surface (Figure 3a). This interval covers 48618 km?
in the study area. When the range increases, more hydrothermal fields will be covered.
However, the area corresponding to this range will also rise dramatically, which contrasts
to the principle that the most training data should locate in the smallest area (Figure 3b).
Therefore, —3000 to —2500 m can be used as the favorable water depth interval in the
predictive map (Figure 3c).

10° O'W

Figure 3. Favorable water depth anomaly map. (a) Bar charts of proportion of hydrothermal fields changing with the range
of water depth; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained in

the range of water depth; (c) Favorable water depth anomaly mapped in comparison with hydrothermal fields.

Slope Gradient

The slope gradient can reflect the topographic and geomorphic features of the seafloor.
On mid-ocean ridges, most hydrothermal fields appear in the low-lying part of a high
terrain, while a few appear in the higher part of a low terrain. This means that hydrothermal
fields are not usually found at the top of mid-ocean ridges, but on graben at the ridge axis,
volcanic highlands of rift valleys, slopes of ridge flanks, and tops of rift valley walls. For
example, the Snake Pit, Lucky Strike, and Broken Spur hydrothermal fields developed
on the volcanic highlands of rift valleys [13], and TAG and Krasnov hydrothermal fields
are on the top of rift valley walls [22]. Using the surface analysis function of ArcGIS,
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we obtained the slope gradient from water depth data. The slope at the flanks on the
Mid-Atlantic Ridge is steep due to its slow spreading rate. Statistics of the slope gradient
where magmatic-related hydrothermal fields developed in the study area suggest that
72% of magmatic-related hydrothermal fields occurred in areas with slope gradients from
5° to 25° (Figure 4a). This interval covers 51,613 km? in the study area. When the range
increases, more hydrothermal fields will be covered. However, the area corresponding to
this range will also rise dramatically, which contrasts to the principle that the most training
data should locate in the smallest area (Figure 4b). Therefore, the range from 5° to 25° can
be used as the favorable interval in the predictive map of the slope gradient (Figure 4c).

(C) 40° ID’ v 5° Iﬂ’ v

30%

20%

10%

Proportion of hydrothermal fields

900 1800
km|

25 30 35 40

G
Z

Area of favarable range (km?)

=
o "
0% =2
o] 5 10 15 20
slope gradient (° )
150,000
125,000
100,000
75,000
50,000
25,000
& Study area
0 + | Slope gradient (°}
2
10% 20% 30% 40% 50% 60% 70% 80% 90% 100% I 5-25

Proportion of hydrothermal fields

4 Hydrothermal fields
--—-- Ridge axis

Figure 4. Favorable slope gradient anomaly map. (a) Bar charts of proportion of hydrothermal fields changing with the range
of slope gradient; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained in
the range of slope gradient; (c) Favorable slope gradient anomaly mapped in comparison with hydrothermal fields.

4.1.3. Geological Information
Oceanic Crust Thickness

The oceanic crust thickness reflects the magma supply and magmatic process on
mid-oceanic ridges. The thicker the oceanic crust, the greater the magma supply [23]. In
the modern seafloor hydrothermal system, magmatic activities are sources of ore-forming
materials and heat for seafloor massive sulfide deposits. It can be directly observed that
quartz veins containing sulfide are closely related to gabbro intrusive bodies, and there
are permeable sulfides in the gabbro in the deep 15°05’ N hydrothermal field on the Mid-
Atlantic Ridge, which indicates that the ore-forming materials come from magmatic supply
rather than the extraction from wall rocks. In addition, magmatic activity is the primary
mechanism for releasing heat from the earth’s interior, about a third of which is released
through the spreading center of ridges. Deep magma chambers transfer heat to seawater,
creating a large-scale hydrothermal circulation system and leading to the formation of
black chimneys on the seafloor [24]. This indicates that magmatic activities also provide a
direct heat source for the formation of hydrothermal fields. The size of and available heat
from the magma supply is dependent on various ridge spreading rates, which lead to the
formation of the corresponding oceanic crust thickness [25].



Minerals 2021, 11, 83

9 of 23

@

The oceanic crust thickness data are from a new global crustal model established by
National Oceanic and Atmospheric Administration with a resolution of 5 x 5. The oceanic
crust on the Mid-Atlantic Ridge is relatively thin due to the lack of a magma chamber [26].
The structure of the oceanic crust is discontinuous along the ridge axis. The oceanic crust
is relatively thick at the segment center, while it is relatively thin and lacks a transition
fault and non-transform discontinuity at both ends of the ridge. Statistics of the oceanic
crust thickness where magmatic-related hydrothermal fields developed in the study area
suggest that 80% of magmatic-related hydrothermal fields occurred in areas with crust
thicknesses ranging from 7600 to 8500 m (Figure 5a), which is a little thicker than the
average oceanic crust thickness 6300 km on mid-ocean ridges [27]. It is because though the
magma supply is low on the Mid-Atlantic Ridge, there are some ridge segments with high
magma supply and the according oceanic crust thickness is thick. Hydrothermal massive
sulfides often form there. This interval from 7600 to 8500 m covers 54,618 km? in the study
area. When the range increases, more hydrothermal fields will be covered. However, the
area corresponding to this range will also rise dramatically, which contrasts to the principle
that the most training data should locate in the smallest area (Figure 5b). Therefore, the
range from 7600 to 8500 m can be used as the favorable interval in the predictive map of
oceanic crust thickness (Figure 5c).
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Figure 5. Favorable oceanic crust thickness map. (a) Bar charts of proportion of hydrothermal fields changing with the range

of oceanic crust thickness;

(b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields

contained in the range of oceanic crust thickness; (c) Favorable oceanic crust thickness anomaly mapped in comparison

with hydrothermal fields.

Ridge Axis

Mid-ocean ridges are places where plates spread and the lithosphere regenerates.
Ridge axis data on the Mid-Atlantic Ridge are from the EarthByte Group [28]. According to
the distance between the ridge axis and discovered magmatic-related hydrothermal fields
in the study area, statistics show that 80% of hydrothermal fields are located within 10 km
from the ridge axis, and the number of fields tends to be stable with increasing distances
(Figure 6a). The 10 km buffer zone covers 29,842 km? in the study area. When the buffer
zone increases, more hydrothermal fields will be covered. However, the area corresponding
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to this buffer zone will also rise dramatically, which contrasts to the principle that the most
training data should locate in the smallest area (Figure 6b). Therefore, a 10 km buffer zone
was mapped from the ridge axis (Figure 6c).
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Figure 6. Ten-kilometer buffer of ridge axis map. (a) Bar charts of proportion of hydrothermal fields changing with the
buffer of ridge axis; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained
in the buffer of ridge axis; (c) 10 km buffer of ridge axis in the study area mapped in comparison with hydrothermal fields.

Faults

Faults are generally places where stress is concentrated. At the seafloor, some mineral-
related substances do not mineralize until they reach a certain distance from the fault,
where the stress is low. Therefore, the optimal ore-forming region is the zonal region at a
certain distance from a fault, which is called the tectonic buffer zone.

Fault data on the Mid-Atlantic Ridge are from the EarthByte Group [28]. Due to the
low spreading rate and low magma supply, the Mid-Atlantic Ridge has a rugged axial
terrain and a deep central rift valley [26]. There is frequent tectonic activity, many transform
faults, and a large number of normal faults on the ridge. Based on the length of faults
with average length of 523 km, fracture zones are classified as large faults with average
length of 387 km, and discordant zones are classified as small faults. According to the
distance between the large faults and the discovered hydrothermal fields, statistics show
that 85% of the hydrothermal fields are located within 15 km of large faults, and the number
of fields tends to be stable with increasing distances (Figure 7a). The 15 km buffer zone
covers 31,153 km? in the study area. When the buffer zone increases, more hydrothermal
fields will be covered. However, the area corresponding to this buffer zone will also rise
dramatically, which contrasts to the principle that the most training data should locate in
the smallest area (Figure 7b). Therefore, a 15 km buffer zone was mapped from large faults.
The method used to determine the buffer zone of small faults was the same (Figure 7c); the
buffer for small faults was 25 km (Figure 8).
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in the buffer of large faults; (c) 15 km buffer of large faults in the study area mapped in comparison with hydrothermal fields.
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Bedrock Age

Hydrothermal activities at the seafloor are closely related to the tectonic evolution of
oceanic plates. The three oceans began to evolve simultaneously in the Middle Jurassic
(171 Ma), and the evolution stages can be divided into four major periods: (1) 171-120 Ma,
there is no directional spreading ridge, forming ancient oceanic plates; (2) 120-80 Ma,
which belongs to the transitory stage, there is no directional spreading ridge, but volcanism
developed widely and formed a large volcanic belt; (3) 80-27 Ma, a linear spreading ridge
formed, and young ocean plates began to evolve; and (4) 27-0 Ma, a globally associated
spreading ridge was formed. The younger the bedrock of the seafloor, the closer it is to the
mid-ocean ridge [29]. This proves that the seafloor is spreading and renewing. The molten
magma below the oceanic crust rises along faults and condenses into the new crust. This
new crust is being produced constantly and pushes the old crust sideways.

The age of bedrock data is from the NGDC of the NOAA, with a resolution of
2 x 2/ [30]. The hydrothermal activity period of seafloor massive sulfides is generally
long, while the mineralization period is relatively short and usually occurs in the late stage
of hydrothermal activity. Therefore, the distance between the hydrothermal fields and
the ridge can be inferred from the age of the bedrock. On the Mid-Atlantic Ridge, the
TAG hydrothermal field is located on the oceanic crust that formed between 100,000 and
200,000 years ago, and its hydrothermal activity is thought to have begun 130,000 years
ago [31-33]. Statistics of the bedrock age where magmatic-related hydrothermal fields
developed in the study area suggest that 93% of magmatic-related hydrothermal fields
occurred in areas with bedrock ages ranging from 0 to 5 Ma (Figure 9a). This interval
covers 61,348 km? in the study area. When the range increases, more hydrothermal fields
will be covered. However, the area corresponding to this range will also rise dramatically,
which contrasts the principle that the most training data should locate in the smallest area
(Figure 9b). Therefore, the range from 0 to 5 Ma can be used as the favorable interval in the
predictive map of bedrock age (Figure 9c).
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Spreading Rate

The spreading rate is the dynamic evolution factor controlling the geological process,
magma, and tectonics on the mid-ocean ridge. The tectonic environment of mid-oceanic
ridges with different spreading rates has different features, including deep magmatic
activity, fault structure, and hydrothermal activities. There is a strong linear relationship
between the spreading rate and magma supply on the mid-ocean ridge [34]. With the
acceleration of the spreading rate, the magma supply increases, and magma activity
becomes more frequent [35]; if the spreading rate is relatively low, the magma supply is
small and magmatic activities occur less often.

The spreading rate data were obtained from the NOAA NGDC, with a resolution
of 2 x 2'. The spreading rate of the Mid-Atlantic Ridge is 2-4 cm/yr, and the spreading
rate of the southern Mid-Atlantic Ridge is faster than that of the northern Mid-Atlantic
Ridge. However, the spreading rate of the southern Mid-Atlantic Ridge is decreasing
while that of the northern Mid-Atlantic Ridge is increasing. Generally speaking, the Mid-
Atlantic Ridge is a typical symmetric spreading ridge. Statistics of the spreading rate where
magmatic-related hydrothermal fields developed in the study area suggest that 74% of
hydrothermal fields occurred in areas with spreading rates ranging from 2 to 3 cm/yr
(Figure 10a). This interval covers 48,941 km? in the study area. When the range increases,
more hydrothermal fields will be covered. However, the area corresponding to this range
will also rise dramatically, which contrasts the principle that the most training data should
locate in the smallest area (Figure 10b). Therefore, 2 to 3 cm/yr can be used as the favorable
interval in the predictive map of the spreading rate (Figure 10c).

40° 0'W 50w
(c) . b

Figure 10. Favorable spreading rate map. (a) Bar charts of proportion of hydrothermal fields changing with the range of
spreading rate; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained in
the range of spreading rate; (c) Favorable spreading rate anomaly mapped in comparison with hydrothermal fields.

4.1.4. Geophysical Information
Bouguer Gravity
Bouguer gravity can be used to explore seafloor massive sulfide deposits through the

density difference between the target orebody and the wall rock. The seafloor massive
sulfides mainly contain sphalerite, pyrite, chalcopyrite, and pyrrhotite [36,37]. The wall
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rock is generally mid-ocean ridge basalt, and some areas are covered by sediments [37]. The
mineral density of seafloor massive sulfides is clearly higher than that of basalt. Therefore,
the Bouguer gravity anomaly in the seafloor massive sulfide enrichment area shows a
local abnormally high value region, which is the direct manifestation of a seafloor massive
sulfide deposit in the Bouguer gravity anomaly.

The Bouguer gravity data are from the WGM2012 Global Gravity Anomaly Data
Model established by the International Geomagnetic Agency (BGI) [38], with a resolution
of 2 x 2'. The variation trend of Bouguer gravity in the study area is consistent with
the water depth. The Bouguer gravity value is higher near the mid-ocean ridge, up to
30 mGal, and decreases gradually away from it [39]. Statistics of the Bouguer gravity
where magmatic-related hydrothermal fields developed in the study area suggest that
71% of these fields occurred in areas with Bouguer gravity ranging from 10 to 30 mGal
(Figure 11a). This interval covers 59,141 km? in the study area. When the range increases,
more hydrothermal fields will be covered. However, the area corresponding to this range
will also rise dramatically, which contrasts the principle that the most training data should
locate in the smallest area (Figure 11b). Therefore, 10 to 30 mGal can be used as the
favorable interval in the predictive map of Bouguer gravity (Figure 11c).
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Figure 11. Favorable Bouguer gravity map. (a) Bar charts of proportion of hydrothermal fields changing with the range of
Bouguer gravity; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained in
the range of Bouguer gravity; (c) Favorable Bouguer gravity anomaly mapped in comparison with hydrothermal fields.

Magnetism

The titanomagnetite in volcanic lava erupting from the rift valley is the main reason
for the residual magnetization near the mid-ocean ridge. However, titanomagnetite can be
easily altered owing to the acidic hydrothermal fluid, and the abundance of magnetite in
the rocks of the oceanic crust decreases. Therefore, when a hydrothermal system is under
altered crust, the magnetic intensity of the altered crust is lower than that of the original
state. Low magnetic intensity is an important prospecting indicator in the exploration of
seafloor massive sulfides [19].

The magnetic data were obtained from the Global Magnetic Anomaly Grid Model
(EMAG?2), published by the Cooperative Institute for Environmental Sciences at the Uni-
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versity of Colorado (CIRES), with a resolution of 2 x 2’ [40]. The magnetic anomalies of
the Atlantic are distributed along the mid-ocean ridge, primarily in the north and west
directions, with alternating positive and negative anomalies. Statistics of the magnetic data
where magmatic-related hydrothermal fields developed in the study area suggest that 70%
of magmatic-related hydrothermal fields occurred in areas with magnetism ranging from
—10 to 30 nt (Figure 12a). This interval covers 60,802 km? in the study area. When the range
increases, more hydrothermal fields will be covered. However, the area corresponding to
this range will also rise dramatically, which contrasts the principle that the most training
data should locate in the smallest area (Figure 12b). Therefore, this range can be used as
the favorable interval in the predictive map of magnetism (Figure 12c).

(C) 40" O W o 0w

Figure 12. Favorable magnetism map. (a) Bar charts of proportion of hydrothermal fields changing with the range of
magnetism; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal fields contained in the
range of magnetism; (c) Favorable magnetism anomaly mapped in comparison with hydrothermal fields.

Seismic Point Density

Seismic and volcanic events on the seafloor indicate that the regional crustal is active
due to magma and faults in the area [41]. Magma supply is the most important heat source
for hydrothermal activities, and faults provide channels for hydrothermal circulation. The
existence of heat sources and hydrothermal circulation channels are two basic conditions for
the generation of seafloor massive sulfides; therefore, seismic activities indirectly indicate
the existence of these deposits. Every earthquake is accompanied by the collapse of an old
chimney and the formation of a new chimney, and many seafloor hydrothermal systems
are located on volcanoes [42].

The seismic data are from the United States Geological Survey (USGS) and include
earthquake events with magnitudes greater than five from 1950 to 2013. First, the point
density of the seismic data was calculated. Since a magnitude 6 earthquake is five times as
strong as a magnitude 5 earthquake, and so on, the magnitude of the earthquake was taken
into account when calculating the density of seismic points. Statistics of the seismic point
density where magmatic-related hydrothermal fields developed in the study area suggest
that 72% of magmatic-related hydrothermal fields occurred in areas with seismic point
densities ranging from 3 to 5 (Figure 13a). This interval covers 49,271 km? in the study area.
When the range increases, more hydrothermal fields will be covered. However, the area
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corresponding to this range will also rise dramatically, which contrasts the principle that
the most training data should locate in the smallest area (Figure 13b). Therefore, the range
from 3 to 5 can be used as the favorable interval in the predictive map of seismic point

density (Figure 13c).
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Figure 13. Favorable seismic point density map. (a) Bar charts of proportion of hydrothermal fields changing with the
range of seismic point density; (b) Bar charts of area of favorable range changing with the proportion of hydrothermal
fields contained in the range of seismic point density; (c) Favorable seismic point density mapped in comparison with

hydrothermal fields.

4.2. Mineral Potential Model of Seafloor Massive Sulfide Deposits

Based on the extraction of favorable intervals for the mineralization of magmatic-
related seafloor massive sulfides on the Mid-Atlantic Ridge, 3 types of predictive maps
with a total of 11 factors were obtained. By combining these predictive maps, a quantitative
mineral potential model was established (Table 2).

Table 2. Mineral potential model of seafloor massive sulfide.

Ore-Controlling Factors

Characteristic Variables

Favorable Range

Terrain Information Water depth [—3000, —2500] m
Slope gradient [5, 25]°
Oceanic crust thickness [7600-8500] m
Large faults 15 km buffer
Geology Information Small faults 25 km buffer
Ridge axis 10 km buffer
Bedrock age [0, 5] Ma
Spreading rate [2,2.5] ecm/yr
Bouguer gravity [10, 30] mGal
Geophysical Information Magnetism [—10, 30] nt
Seismic point density [3, 5]
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5. Mineral Prospectivity Mapping

The weights-of-evidence method was adopted for the mineral prospectivity mapping
of magmatic-related seafloor massive sulfides on the Mid-Atlantic Ridge. Proposed by the
Canadian geologist Agterberg, weights-of-evidence is a linear model based on the Bayes
theorem. It can calculate the relative importance of predictive maps using a statistical
geologic method and estimate the location of potential deposits. The main formula and
process of weights-of-evidence method are as follows [18].

First, the study area is divided into T small unit cells, whose size is sufficiently small
so that one unit cell usually contains only one deposit [43]. If there are D known deposits,
there are D unit cells that contain one deposit. Then, the prior probability that a unit cell
chosen at random is P(D) = D/T, expressed as a priori odds by:

__PD) _ D
“1-P(D) T-D

O(D) (1)

If there are n predictive maps, for the jth binary predictive map, j = 1,2 n, the number
of unit cells where the predictive map is present is B;. The weight for the jth predictive
map can be defined as:

. . P(Bj|D)

Wj =In P(B]- | 5) (2)
_ . P(B;|D)

Wi = D) ®)

where W+ is a positive weight indicating the predictive map is present, while W— is a
negative weight indicating the predictive map is absent in the unit cell. W values:

= WT W~
Wi =W —W, @)

can be used to define the strength of the association between deposits and predictive maps.
Assuming predictive maps are conditionally independent, all weights can be summed
up to find the natural logarithm of posterior odds of potential deposits as given by:

n
1n{oposterior (D | BN BY N BE. ..Bﬁ)} = Y WE 4+ InOprior(D)(j = 1,2,3,...,1)  (5)
j=1

where WF is the weight of the jth predictive map, and k is either a positive or negative
weighting depending on whether or not the jth predictive map is present. Given this,
posterior probability values can be calculated using:

P Posterior — OPosterior/ (1 + OPosterior) (6)

In this study, we divided the study area into unit cells with a side of 50 km. Then, the
weight of each predictive map was estimated by Equations (2)—(4). According to the weight
values in Table 3, the oceanic crust thickness has the highest weight value (3.62), and the
predictive map with the next highest weight value is the buffer zone of large faults with a
weight value of 3.44, followed by the spreading rate (3.39). This result suggests that these
three predictive maps have a close relationship with the formation of seafloor massive
sulfide deposits. Therefore, they are important prospecting criteria for magmatic-related
seafloor massive sulfides on the Mid-Atlantic Ridge.

In order to apply the weights-of-evidence method successfully, predictive maps must
be conditionally independent, and the data population of each predictive map should
have a normal distribution. In this study, the chi-squared statistic (x2) was used to ensure
independency, with a theoretical value of 3.84 with 1 degree of freedom at a level o = 0.05.
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Table 4 shows that all estimated x2 values of the 11 predictive maps are below theoretical
values, indicating that the predictive maps satisfy conditional independency.

Table 3. Table of predictors” weight.

Ore-Controlling Factors Evidence Factors W+ W— W
Terrain Information Water depth 0.66 —1.05 1.72
Slope gradient 1.43 —0.44 1.87
Oceanic crust thickness 212 —1.50 3.62
Large faults 1.99 —1.45 3.44
Geology Information Small faults 1.71 —0.55 2.26
Ridge axis 1.43 —0.44 1.87
Bedrock age 1.59 0.00 1.59
Spreading rate 0.79 —2.60 3.39
Bouguer gravity 0.16 —0.26 0.43
Geophysical Information Magnetism 0.04 —0.22 0.26
Seismic point density 0.72 —0.55 1.28

Table 4. Pairwise x2 tests for conditional independence of 11 predictor.

Water SloPe OCC:Z;‘: ¢ Large Small Ri(%ge Bedrock  Spreading Bougt.xer Magnetism Sle;iosir:ti ¢
Depth Gradient Thickness Faults Faults Axis Age Rate Gravity Density
Water Depth
Slope Gradient 0.79
Oceamic Crust 265 189
Large Faults 211 0.76 2.56
Small Faults 0.69 0.62 2.13 0.73
Ridge Axis 3.44 1.58 3.12 2.04 1.23
Bedrock Age 291 2.19 1.84 3.45 2.7 0.93
Spreading Rate 1.78 2.39 3.69 2.65 1.86 0.81 1.12
Bouguer Gravity 1.67 3.81 1.04 2.78 0.94 0.78 2.15 1.16
Magnetism 2.94 1.15 2.3 1.67 1.91 1.81 2.04 0.81 0.89
Seismic Point 2.25 1.27 1.84 138 226 093 0.14 1.62 1.19 131

Density

The posterior probability of each grid was calculated according to Equation (5), in
which higher values of posterior probability represent a greater probability for finding
seafloor massive sulfides. The relationship between the value of posterior probability and
the percentage of contained hydrothermal fields is shown in Figure 14. When the value of
posterior probability is 0.8, the proportion of known hydrothermal fields contained in the
area of posterior probability below 0.8 changes abruptly, and when the posterior probability
is above 0.8, the proportion of known hydrothermal fields covered becomes relatively stable.
Thus, 0.8 can serve as a predictive threshold. We delineated 7 prospecting targets with
values of posterior probability over 0.8 outside the regions of known hydrothermal fields
(Figure 15).
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Figure 14. The proportion of known hydrothermal fields contained in the area of different values
of posterior probability (X-axis: values of posterior probability, Y-axis: percentage of the contained
hydrothermal fields).
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Figure 15. Posterior probability map of undiscovered hydrothermal fields compared to the known

hydrothermal fields in the study area. A, B, C, D, E, F, and G are 7 prospecting targets in regions
outside known hydrothermal fields.
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6. Discussion
6.1. Important Prospecting Criteria

According to the weight values in Table 3, oceanic crust thickness, large faults, and
spreading rate are the three most important prospecting criteria for magmatic-related
seafloor massive sulfides on the Mid-Atlantic Ridge, among which large faults are the
reflection of tectonic activities, while the oceanic crust thickness and spreading rate reflect
the magmatic activities.

On slow-spreading ridges, large faults, oceanic crust thickness, and spreading rate
are also important prospecting criteria for magmatic-related seafloor massive sulfides.
Compared to fast and intermediate-spreading ridges, slow-spreading ridges differ in fault
characteristics [44]. On fast-spreading ridges, abundant magmatic activities result in uplift
at the top of the ridge, and because of the extrusion on both ridge flanks, there are fewer
normal faults with inward dipping. The shallow depth of faulting and restricted hydrother-
mal circulation channels lead to fewer faults favoring ore formation [45]. In contrast,
slow-spreading ridges are characterized by large scale and deep dipping faults, allowing
hydrothermal fluids to deeply circulate and interact with wall rocks. In addition, mag-
matic activities are another important prospecting criterion for massive magmatic-related
seafloor sulfides on slow-spreading ridges. Magma is the heat source for hydrothermal
circulation [46]. On fast-spreading and intermediate-spreading ridges, the magma supply
is strong [47,48], while with slow-spreading ridges, magma is enriched under neo-volcanic
ridges [49].

In conclusion, important prospecting criteria for magmatic-related seafloor massive
sulfide deposits on the Mid-Atlantic Ridge found in this paper are similar to those for
other slow-spreading ridges. Therefore, the Mid-Atlantic Ridge is considered a typical
slow-spreading ridge.

6.2. Prospecting Targets

The mineral prospecting mapping combined three types of data with the location
of known magmatic-related hydrothermal fields to identify areas with a high potential
for future mineral exploration on the Mid-Atlantic Ridge. In regions outside known
hydrothermal fields, we delineated seven targets, among which targets A, B, and C are
on the northern Mid-Atlantic Ridge, and D, E, F, and G are on the southern Mid-Atlantic
Ridge. These prospecting targets can be considered priority exploration areas for seafloor
massive sulfides.

On the northern Mid-Atlantic Ridge, prospecting target A is located near 32.5° N,
which is in the south of the seafloor plateau formed by the Azores hot spot. Due to the
interaction between ridges and hot spots, the ridge segment of prospecting target A has
stronger magmatic activities and thicker oceanic crust than its southern ridge segments.
There are 4 known hydrothermal fields around prospecting target A. Prospective target B is
near 27.7° N and located in the shallowest second-order ridge segment between the Atlantis
and Kane transform faults [50]. Its topography is similar to a ‘bathtub’. Fresh vitreous
pillow basalt is distributed along the ridge and is covered with thin deep-sea sediment.
Famous hydrothermal fields such as Broken Spur and TAG are around prospective target
B [51,52]. Target C is in the middle of the northern Mid-Atlantic Ridge. There are many
irregular faults along the ridge, and the depth of the terrain deepens from 3600 to 4300 m
from ridge to flanks. Target C belongs to an active seismic zone. There are four famous
hydrothermal fields: 24°30’ N, Snake Pit, Tamar, and Zenith Victory, from north to south,
around prospecting target C, among which the first two hydrothermal fields are active,
and activity in the last two has ceased [53,54].

On the southern Mid-Atlantic Ridge, prospecting target D is near 13.5° S and near new
volcanoes. Its water depth ranges from 2000 to 3000 m, and the terrain fluctuates greatly.
SMAR 14° S and 15° S hydrothermal fields are in the north of prospecting target D, and the
SMAR 19° S hydrothermal field is in the south [55]. Prospecting target E lies between the
Martin Bac and SMAR 22° S transform fault. North-south strike faults develop at prospect-
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ing target E, which is also near Saint Helena volcanic islands. Therefore, prospecting target
E has frequent tectonic and magmatic activities, which are favorable for seafloor massive
sulfide mineralization. Prospecting target F and G are near 35.5° S and 40.5° S, which are
at the southern end of the study area. MAR 33° S is to the north of prospecting target F.
The water depth of prospecting F and G are shallow and there is neovolcanic zone on their
shallowest portion of the ridge cross section. On such broad and shallow regions, it is likely
that hydrothermal fields occur as low-temperature, diffuse flow [9].

7. Conclusions

This study established a quantitative mineral potential model of magmatic-related
seafloor massive sulfides on the Mid-Atlantic Ridge for the first time. This model contains
11 predictive maps, including water depth, slope, oceanic crust thickness, large faults,
small faults, ridge, bedrock age, spreading rate, Bouguer gravity, and magnetic and seismic
point density. The weight values of predictive maps show that the thickness of the oceanic
crust, large faults, and spreading rate are the most important prospecting criteria, followed
by small faults, ridge, and slope gradient, which are the same on other typical slow-
spreading ridges. Therefore, the quantitative mineral potential model in this study is also
appropriate for other typical slow-spreading ridges. In addition, seven prospecting targets
with high posterior probabilities were delineated, which provides a basis for the position
of magmatic-related seafloor massive sulfides on the Mid-Atlantic Ridge.
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