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Method of estimating polymetallic nodule abundance

The present invention relates to the field of seabed mineral exploration. In
particular, in relates to a method of estimating a polymetallic nodule abundance, for
example for seabed mineral exploration.

Metals, such as manganese, nickel, cobalt and copper, that are found in
polymetallic nodules can be valuable. As such, it can be desirable to explore for
and then harvest polymetallic nodules from the seabed. However, harvesting
nodules, particularly in subsea locations, can be difficult and expensive.

Current methods for estimating polymetallic nodule abundance for a
particular target involve qualitative interpretation of multi-beam echo sounder
(MBES) data and kriging (interpolation) of box core samples taken from the seabed.
However, such methods do not provide high resolution quantitative estimates of
polymetallic nodule abundance.

As such, there is a need for an improved method of estimating polymetallic
nodule abundance, e.g. such that a more informed decision can be taken about
whether to harvest them.

A first aspect of the invention provides a method of estimating polymetallic
nodule abundance at a seabed, wherein there is provided at least one acoustic
parameter of the seabed, the method comprising inverting the at least one acoustic
parameter to estimate the polymetallic nodule abundance of the seabed.

As such, the polymetallic nodule abundance of the seabed can be estimated
by inverting at least one acoustic parameter.

The at least one acoustic parameter may be determined, at least partially,
from MBES data. As such, MBES data may be processed (e.g. with signal
processing) to determine the at least one acoustic parameter.

Compared to the prior art methods described above, for example, such a
method, which involves acoustic (e.g. MBES) data and the inversion of one or more
acoustic parameters, can provide a high resolution quantitative estimate of the
polymetallic nodule abundance of the seabed. For example, in some cases a
resolution of between 30 x 30 m? to 50 x 50 m? may be provided (i.e. polymetallic
nodule abundance estimates may be determined for positions on a seabed with a

(two-dimensional/grid) spacing of around 30 to 50 m).
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Another advantage is that using acoustic parameters (e.g. from MBES data)
can allow the seabed slope to be estimated (e.g. from MBES travel times). This in
turn can be used in an evaluation of the producibility of a possible resource
(location of polymetallic nodules). This is because production equipment, for
harvesting polymetallic nodules, typically can only operate over sea beds with a
slope of around 8° or less. As such, the method may comprise estimating the slope
of sea bed from the MBES data and, optionally, using the estimate of the slope of
the sea bed in an evaluation of the producibility of the sea bed.

The polymetallic nodule abundance may be estimated as a mass per unit
area, for example in kg/m?. The mass may be the wet weight of the nodules.

The polymetallic nodule abundance estimated as a mass per unit area (e.g.
for a plurality of points) may be integrated or summed (where a plurality of discrete
estimates are provided) over an area of interest to obtain an estimated total mass
(or tonnage) of polymetallic nodules for that area of interest. The estimated total
mass or tonnage may be measured in mega tonnes, for example. In some cases,
the estimated total mass of polymetallic nodules for an area of interest may be a
sum of the individual estimates (resources) which are above a particular threshold.
The threshold may be around 4-8 km/m?, for example.

The term seabed may mean an entire seabed. However, in most cases, it
may mean a region or part of a seabed, and not necessarily the entire seabed of an
ocean or sea.

Inverting or inversion is a well-known term in the art. It describes the
process of calculating (or estimating), from at least one observed/measured
parameter, the cause of the parameter (or at least one of the causes of the
parameter). Thus, in the present case, physically speaking, the polymetallic nodule
abundance affects the acoustic parameter(s) of the seabed. However, it is acoustic
(MBES) data that is(are) measured and not the polymetallic nodule abundance.
Estimating the polymetallic nodule abundance from acoustic parameter(s) may
therefore be described as inverting.

The inversion may be considered to be a calculation that uses a (forwards)
model (such as phenomenological model), such as discussed below. The model
may relate the acoustic (and optionally other) parameter(s) to the polymetallic
nodule abundance such that the polymetallic nodule abundance may be estimated
from the acoustic (and optionally other) parameter(s). For example, the

polymetallic nodule abundance may be estimated from the acoustic parameter(s)
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by an optimisation inversion (solving an optimisation problem) and/or by a statistical
inversion. A statistical inversion may involve computation of a posterior probability
distribution of the acoustic parameter(s), given particular acoustic (MBES) data, for
example, and an associated posterior mean abundance and, optionally, variance
may be determined.

MBES data is a type of sonar data, which may be used to map the seabed.
MBES data may be collected using known techniques, such as using a sonar
device on a vessel’s hull or on an AUV (autonomous underwater vessel). For
example, MBES data may be acquired using an acoustic source array and a
receiver array mounted on the hull of a ship or on an AUV.

MBES data may comprise: kinematic data (e.g. travel time(s)) and/or
dynamic data (e.g. backscatter magnitude(s)). Parameters such as water depth
and/or seabed slope may be computed from the kinematic data. The dynamic data
(e.g. backscatter magnitude(s)) may depend on the acoustic properties of the
seabed (including reflection coefficient(s), for example).

It can be advantageous to use MBES data in this method as MBES data
may be used to map the bathymetry, and record backscatter amplitudes, which
depend on the seabed sedimentation and nodule density. A seabed covered with
polymetallic nodules, for example, has a higher backscatter amplitude than a
seabed covered with pelagic sediments. Seamounts and basaltic extrusions may
also have a high MBES backscatter, similar to polymetallic nodules. Further
methods (e.g. based on an estimate of the seabed slope) may be used to identify
such features.

An acoustic parameter may be any parameter that may be determined from
acoustic data. For example, the at least one acoustic parameter may comprise one
or more of:

- bathymetry data (e.g. water depth, which may be measured from a

mean sea level, for example);

- bathymetry slope (e.g. seabed slope, which may be estimated or
determined by differentiation of the bathymetry data with respect to
horizontal coordinates (x and y)); and

- MBES backscatter amplitudes (e.g. the scattering strength of the
seabed, part of which may comprise the acoustic reflection coefficient,

and optionally also comprising diffraction effects).
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Preferably, the at least one acoustic parameter comprises (at least) MBES
backscatter amplitudes. In some embodiments, bathymetry data and bathymetry
slope may also be provided, e.g. as additional constraints in the inversion.

The bathymetry data, bathymetry slope, and/or MBES backscatter
amplitudes may be determined using standard MBES signal processing methods,
such as performed by MBES service providers.

Bathymetry data may be determined or estimated from measured acoustic
(MBES) travel times and, for example, a velocity profile model of the water layer.

Bathymetry slope may be determined or estimated from bathymetry data by
determining the gradient (e.g. the derivative with respect to two horizontal axes (x
and y)).

In some embodiments, at least one further (e.g. non-acoustic) parameter
may be provided. The at least one further parameter is preferably a non-acoustic
parameter (e.g. a parameter that is not determined from acoustic data, or that is
determined from data other than acoustic data). The method may comprise
inverting the at least one non-acoustic parameter (or using the at least one non-
acoustic parameter in the inversion) to estimate the polymetallic nodule abundance
of the seabed. The at least one non-acoustic parameter preferably comprises one
or more parameters that is/are not determined from multi-beam echo sounder data.

The at least one further (non-acoustic) parameter may comprise one or
more geochemical parameters or measurements, such as one or more molecular
concentrations (e.g. oxygen and/or CaCO3; and/or O, concentrations) and/or one or
more biological parameters or measurements (observations), such as an
abundance of benthic macro fauna, and/or one or more oceanographic parameters.

The method may further comprise obtaining (e.g. from a memory or
database) or measuring the MBES data, and/or obtaining (e.g. from a memory or
database, such as an oceanographic database) or measuring non-acoustic
parameter(s) (or data from which non-acoustic parameter(s) may be determined or
estimated). The MBES data and/or non-acoustic parameters may be obtained or
measured using known techniques.

The processing of measured MBES data to determine the at least one
acoustic parameter may be performed using any standard processing method.

The processing of measured MBES data may determine the at least one

acoustic parameter as a function of horizontal position
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Preferably, inverting the at least one acoustic (and optional at least one non-
acoustic) parameter to estimate the polymetallic nodule abundance of the seabed
comprises using a Bayesian inversion method and/or a phenomenological or
forwards model.

The phenomenological or forwards model may use or be based on box core
data and/or one or more equations describing underwater acoustics, for example.

The box core data may be obtained using known techniques, for example by
gathering samples of the seabed at selected locations, e.g. 3-10 km apart.

The phenomenological or forwards model may be based, for example, on
the Jackson model of underwater acoustics. As such, the equations describing
underwater acoustics may comprise or be based on the Jackson model of
underwater acoustics. For example, the equations describing underwater acoustics
may comprise one or more of the Kirchhoff equation and equations determining
composite roughness and large roughness contributions to the MBES backscatter
amplitudes.

The phenomenological or forwards model preferably models the MBES
backscatter amplitudes, e.g. as a function of polymetallic nodule abundance. The
(modelled) MBES backscatter amplitudes may be calibrated using the box core
data.

The phenomenological or forwards model may be selected based upon
expected trends relating the acoustic parameter(s) to the polymetallic nodule
abundance of the seabed. For instance, an acoustic parameter may generally
increase or decrease (depending on the acoustic parameter) with increasing
polymetallic nodule abundance of the seabed. For example, in the case of MBES
backscatter amplitudes being the acoustic parameter, MBES backscatter
amplitudes may increase with increasing polymetallic nodule abundance. The way
in which the MBES backscatter amplitudes changes, or increases, with increasing
polymetallic nodule abundance may vary depending on the type of sediment
present on the seabed in question.

Thus, as can be understood from the above, the precise phenomenological
or forwards model may be selected by a skilled person based upon knowledge of
physics (e.g. acoustic) and other relations.

It should be understood that the phenomenological or forwards model may
not show the full complexity of the system, i.e. the model may be intentionally

simplified such that the acoustic parameter(s) (e.g. that/those selected for use in
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the method) is dependent only on the polymetallic nodule abundance. In reality,
acoustic parameters generally depend on many variables. However, in the
model(s) used in the present method, the acoustic parameter(s) (e.g. that/those
selected for use in the method) may only depend on the variable of interest, which
in this case is polymetallic nodule abundance. Thus, in the phenomenological or
forwards model(s) used, preferably only the (acoustic) parameter(s) of interest for
the statistical inversion are treated as stochastic parameters. Other (e.g.
geophysical or other) parameters may be incorporated in the model as deterministic
parameters with a fixed value.

There may be provided calibration data e.g. comprising at least one
measurement of the acoustic (and/or optional non-acoustic) parameter and the
polymetallic nodule abundance of the seabed. This data may comprise box core
data, for example. Thus, the method may further comprise obtaining calibration
data. The calibration data may preferably contain a plurality of measurements of
the acoustic (and/or optional non-acoustic) parameter and the polymetallic nodule
abundance of the seabed.

The method may comprise optimising the phenomenological or forwards
model based on the calibration data. This optimisation may comprise using the
calibration data to find the optimal values of the/any constant factors in the
phenomenological or forwards model. Typically, the greater the amount of
calibration data, the better the optimisation will be.

In order to optimise the phenomenological or forwards model, it may be
assumed that the phenomenological or forwards model has a certain error
distribution (i.e. the difference between the at least one acoustic (and/or optional
non-acoustic) parameter and the polymetallic nodule abundance gives an error
distribution). Preferably, the error distribution is assumed to be a Gaussian error
distribution, preferably with zero mean. The phenomenological or forwards model
may be optimised by reducing the error distribution so that it is as small as possible,
such as by having a mean of the error distribution to be as close as possible to zero
and by having a small a variance of the error distribution as possible. The
optimisation may be achieved by finding the value(s) of the constant factor(s) in the
phenomenological or forwards model that optimise(s) the phenomenological or
forwards model.

The optimised phenomenological or forwards model may then be used in

the inversion to produce a more accurate inversion.
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The phenomenological or forwards model may be used in the inversion to
calculate the probability distribution (and/or the mean and/or variance values
(directly)) of the at least one acoustic (and/or optional non-acoustic) parameter,
given a particular value of the polymetallic nodule abundance. This probability
distribution function may be used to calculate the probability distribution of
polymetallic nodule abundance (and/or the mean and/or variance values (directly)),
given particular values of the acoustic (and/or optional non-acoustic) parameter.

By “phenomenological or forwards model” here, it may simply mean the
mathematical relationships used in the inversion, such as the phenomenological or
forwards model relating the acoustic (and/or optional non-acoustic) parameter to
the polymetallic nodule abundance.

Performing the inversion in the Bayesian setting, as discussed above, can
allow for an (accurate) estimate of the uncertainty in the calculated polymetallic
nodule abundance to be found. Thus, the method may comprise finding the
uncertainty in the estimated polymetallic nodule abundance.

The output of the method may include an estimate of, or information
regarding, patchiness. Patchiness means that the polymetallic nodule abundance
can exhibit both large and small patches of high abundance. This can be of great
importance for planning a harvesting project, i.e. where large patches of high
abundance are desired.

The output of the method may alternatively or additionally comprise an
identification of areas with (possible) obstacles, which could potentially impact the
producibility of nodules by means of harvesters at the seabed. Obstacles may
include cliffs, escarpments, sharp ridges and/or sea mounts, for example.
Obstacles may be detected or identified from bathymetry (slope) data. A slope
constraint may be applied to a seabed. For example, seabeds with slopes greater
than a certain value (e.g. around 8°) may be identified as not being suitable (or
economically viable) for a harvesting operation, as seabeds with larger slopes
will/may reduce the probability of there being producible nodules there.

The method may comprise inverting the at least one acoustic (and/or
optional non-acoustic) parameter point-wise to estimate the polymetallic nodule
abundance of the seabed for multiple different points or locations on the seabed.
The multiple points of locations may have a spacing or around 30 — 50 m, for

example.



WO 2022/093036 PCT/NO2021/050223

10

15

20

25

30

-8-

The polymetallic nodule abundance of the seabed may be determined as a
function of (preferably horizontal) position, e.g. on the seabed. For example, the
polymetallic nodule abundance may be determined at a series or (two dimensional)
array of points over a particular area or region of the seabed. The polymetallic
nodule abundance of the seabed may be determined as an average over a
particular horizontal area or distance.

The above methods may calculate the polymetallic nodule abundance for a
specific point or location of the seabed, said point or location corresponding to the
point or location of the (at least one) acoustic (and/or optional non-acoustic)
parameter used in the inversion step (the acoustic and/or optional non-acoustic
parameter(s) used in these methods may be the value of that parameter at a given
point or location on the seabed). Therefore, in order to obtain a spatially dependent
polymetallic nodule abundance function, the above inversion method may be
performed point-wise for multiple different points or locations on the seabed. As
can be appreciated, the acoustic (and/or optional non-acoustic) parameter(s) may
vary over the seabed, and this may correspond to a spatially varying polymetallic
nodule abundance.

Thus, the method may comprise constructing a spatially dependent
polymetallic nodule abundance function. This function may be constructed by
calculating the polymetallic nodule abundance for different points or locations on
the seabed (preferably all points or locations on the seabed or over an area of the
seabed). The polymetallic nodule abundance may be calculated over substantially
the entirety of the seabed, or an area of the seabed, or over a particular (smaller)
area thereof.

The polymetallic nodule abundance may be found in one or two dimensions.

The polymetallic nodule abundance may be found as function of horizontal
location. This may provide the user with an estimate of the horizontal location of
possible targets for polymetallic nodule harvesting.

In a further aspect, the invention provides a method of producing a
polymetallic nodule abundance map of a seabed, the method comprising
performing any of the methods described above.

As can be appreciated, the above methods may be used when prospecting
for polymetallic nodules, e.g. when planning and performing polymetallic nodule

harvesting operations.
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According to a further aspect, there is provided a method of prospecting for
polymetallic nodules comprising performing the method described herein, with any
of its optional or preferred features, and using the estimated polymetallic nodule
abundance of the seabed in the decision-making process for deciding whether to
harvest nodules from the seabed.

For example, the method may further comprise making a decision to harvest
polymetallic nodules from the seabed, e.g. if the polymetallic nodule abundance of
the seabed is estimated to be above a particular cut-off (threshold). For example, a
decision may be taken to harvest polymetallic nodules from the seabed if the
polymetallic nodule abundance of the seabed is estimated to be above around 4 — 8
kg/m?. However, other factors, such as the slope of the seabed, may (also) be
taken into account when deciding whether to harvest nodules from a seabed.

The method may then further comprise harvesting nodules from the seabed,
e.g. if a decision is taken to do so. In some cases, a test harvesting may be
performed, e.g. before a larger (production-scale) harvesting is performed.

The above method is preferably, at least partially, performed on or
implemented by a computer or computer system.

A further aspect of the invention relates to a computer program product
comprising computer readable instructions that, when run on a computer, is
configured to cause one or more processers to perform the method described
above, with any of its optional or preferred features.

A further aspect of the invention relates to a system for performing the
above method, with any of its preferred or optional features. The system may
comprise one or more software elements arranged to perform the method, or one or
more parts of the method, described above, with any of its optional or preferred
features.

A system may comprise one or more memories and one or more processors
configured to perform the method(s), or one or more parts of the method(s), as
described above. The one or more memories may store data used as an input to
the method (e.g. seismic data) and/or data output from the method. The one or
more processors may be programmed with software (e.g. computer program(s))
which causes them to perform the method, or one or more parts of the method, of
the present invention. The system may comprise one or more screens and/or data
input means, e.g. for a user to control the performing of the method, or one or more

parts of the method, and/or view an output of the method on a screen.
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The methods in accordance with the present invention may be implemented
at least partially using software e.g. computer programs. It will thus be seen that
when viewed from further aspects, the present invention provides computer
software specifically adapted to carry out the methods, or one or more parts of the
methods, herein described when installed on data processing means (e.g. one or
more processors), a computer program element comprising computer software
code portions for performing the methods, or one or more parts of the methods,
herein described when the program element is run on data processing means, and
a computer program comprising code means adapted to perform one or more steps
of a method or of the methods herein described when the program is run on a data
processing system. The data processor may be a microprocessor system, a
programmable FPGA (field programmable gate array), etc.

The invention also extends to a computer software carrier comprising such
software which when used to operate a processor or microprocessor system
comprising data processing means causes in conjunction with said data processing
means said processor or system to carry out the steps (or one or more of the steps)
of the methods of the present invention. Such a computer software carrier could be
a physical storage medium such as a ROM chip, RAM, flash memory, CD ROM or
disk, or could be a signal such as an electronic signal over wires, an optical signal
or a radio signal such as to a satellite or the like.

It will be appreciated that in some embodiments, not all steps of the
methods of the invention need be carried out by computer software and thus from a
further broad aspect the present invention provides computer software and such
software installed on a computer software carrier for carrying out at least one of the
steps of the methods set out herein.

The present invention may accordingly suitably be embodied as a computer
program product for use with (or within) a computer system. Such an
implementation may comprise a series of computer readable instructions fixed on a
tangible medium, such as a non-transitory computer readable medium, for example,
diskette, CD ROM, ROM, RAM, flash memory or hard disk. It could also comprise
a series of computer readable instructions transmittable to a computer system, via a
modem or other interface device, either over a tangible medium, including but not
limited to optical or analogue communications lines, or intangibly using wireless

techniques, including but not limited to microwave, infrared or other transmission
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techniques. The series of computer readable instructions embodies all or part of
the functionality previously described herein.

Those skilled in the art will appreciate that such computer readable
instructions can be written in a number of programming languages for use with
many computer architectures or operating systems. Further, such instructions may
be stored using any memory technology, present or future, including but not limited
to, semiconductor, magnetic, or optical, or transmitted using any communications
technology, present or future, including but not limited to optical, infrared, or
microwave. It is contemplated that such a computer program product may be
distributed as a removable medium with accompanying printed or electronic
documentation, for example, shrink wrapped software, pre-loaded with a computer
system, for example, on a system ROM or fixed disk, or distributed from a server or
electronic bulletin board over a network, for example, the Internet or World Wide
Web.

Throughout the specification, terms such as “calculating”, “determining” and
“estimating” may be used. These are not intended to be limiting; rather they are
merely meant to mean determining or obtaining a value for an actual physical value
(or at least a (close) approximation or estimate of the physical value), such as
polymetallic nodule abundance.

Preferred embodiments on the invention will now be described by way of
example only and with reference to the accompanying drawings, in which:

Fig. 1 is an illustration of a Bayesian network for estimation of polymetallic
nodule abundance; and

Fig. 2 is a flow chart illustrating a method of estimating a polymetallic nodule
abundance of a seabed and harvesting polymetallic nodules.

As illustrated in Fig. 2, an embodiment of a method of estimating a
polymetallic nodule abundance of a seabed (or an area of a seabed) and harvesting
polymetallic nodules involves three main steps.

At step 1, oceanographic, geophysical, and acoustic data, including MBES
data, are obtained over or for a seabed, or an area of a seabed. The seabed (or
area of the seabed) may have previously been identified as an area which may
contain relatively high polymetallic nodule abundance, e.g. based on other (larger

scale) data from the area.
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As step 2, the data is processed to obtain an estimate of the polymetallic
nodule abundance of the seabed. The polymetallic nodule abundance is estimated
as a function of horizontal position.

At step 3, if the estimate of the polymetallic nodule abundance (or an
estimated total tonnage of polymetallic nodules for an area) is sufficiently high, then
a decision may taken to harvest polymetallic nodules from that seabed. The
harvesting operation may then be performed. The decision to harvest polymetallic
nodules may also be based on other factors (such as seabed slop) as well as the
estimate of the polymetallic nodule abundance.

Each of the above steps 1-3 will now be described in more detail.

At step 1, acoustic data, including MBES data, related to a seabed is
obtained over a subsea area. Further (non-acoustic) data relating to the seabed
may also be obtained, such as oceanographic, geochemical and/or biological data.

The subsea area is an area which has previously been indicated (e.g. based
on other, larger scale data, of the area) as possibly containing relatively high
polymetallic nodule abundance, and about which it is desired to obtain a better (e.qg.
more accurate and/or higher resolution) estimate of the polymetallic nodule
abundance for that area. Selecting an area for this method from larger scale
(regional) data is typically based on analysis and interpretation of bathymetry data
(e.g. from the GEBCO database), measurements of chlorophyll content of surface
water, carbonate compensation depth, distance to metal sources (on shore and
oceanic ridges), and gravity data.

The subsea area to which the method is applied may have an area of
around 10,000 — 50,000 km?, for example.

In some embodiments, the data collected at this step consists of only MBES
(acoustic) data. Such data can be collected using apparatus on board a survey
vessel and there is not necessarily any need, for example, to send an autonomous
underwater vehicle (AUV) down to the seabed to collect other kinds of geophysical
data. Such data may be collected specifically for use in this method or it may have
been collected for a different (initial) purpose.

However, in other embodiments, one or more other kinds of (non-acoustic)
data (Y) may also be used.

In some embodiments, one or more geochemical parameters or
measurements, such as one or more molecular concentrations (e.g. oxygen and/or

CaCOs; and/or O, concentrations) are used.
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In some embodiments, one or more biological parameters or measurements
(observations), such as an abundance of benthic macro fauna are used.

The geochemical and/or biological parameters or data can be acquired
during research or exploration cruises, for example.

In some embodiments, one or more oceanographic parameters are used,
such as parameters or data from (public) oceanographic databases such as
GLODAP.

In some embodiments, obtaining the acoustic and/or non-acoustic data
comprises measuring the data. In some embodiments, obtaining the acoustic
and/or non-acoustic data comprises obtaining the data from a memory or database.
In some embodiments, some data is measured and some is obtained from a
memory or database.

As step 2, the acoustic (MBES) and non-acoustic data is processed to
obtain an estimate of the polymetallic nodule abundance of the seabed.

Step 2 actually contains two stages: at stage (i), the MBES data collected at
step 1 is processed to determine acoustic parameters such as bathymetry data (R),
bathymetry slope (6), and MBES backscatter amplitudes (b) ; and at stage (i), the
determined acoustic parameters together with any other kinds of (non-acoustic)
data (if used) are inverted to estimate the polymetallic nodule abundance of the
seabed.

In some embodiments, at stage (i) the MBES data collected at step 1 is
processed to determine only MBES backscatter amplitudes (b). However, in other
embodiments, all of bathymetry data (R), bathymetry slope (&), and MBES
backscatter amplitudes (b) are determined.

This processing step is now explained in more detail with reference to Fig.

Dependencies between physical quantities can conveniently be represented
by Bayesian networks. Fig. 1 shows a general multi Bayesian network for
estimation of polymetallic nodule abundance A from parameters {R, 6, b, Y}. As
shown in Fig. 1, the acoustic parameters {R, 6, b} in turn depend on MBES data
(MBES). In this figure, R is bathymetry data (range), € is bathymetry slope, b is
MBES backscatter amplitudes. Y is other (non-acoustic) data that may be available

such as the oceanographic, geochemical and/or biological data described above.
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The Bayesian network can be applied to obtain the joint distribution for a set
of parameters, incorporating the principle of conditional independence. The joint

probability of a set of stochastic nodes {xi, ..., xn} can be written as

(M
where xP?; denotes the parents of x;, i.e. nodes on the level above in the network.
From the network in Fig. 1 and using equation (1), and marginalizing hidden
variables, the posterior distribution of polymetallic nodule abundance A given MBES
data d can be written as
p(A|ld) = CJ p(Alm)p(m|d)dm (2)
where C is the normalization factor, m = (m;,m,, ..., m;;) is a vector of model
parameters and d = (d,,d,, ..., dy) is a vecor of data.
The integral marginalizes the model parameters.
The model parameters m; may be backscatter amplitude (b), bathymetry
(range) (R), or bathymetry slope (6).
The data d; are echo-level MBES recordings.
When the posterior distribution p(4|d) is known, the posterior mean 4,4
and variance o, q can be computed from the definitions.
As explained above, in practice, the method is performed in two steps:
0] the echo level MBES data are processed to calculate the acoustic
parameter(s) on which they depend (e.g. bathymetry data R,
bathymetry slope 6, and MBES backscatter amplitudes b); then

(ii) the acoustic parameters {R, 6, b}, and optionally further (non-
acoustic) parameter(s) Y, are inverted to determine the polymetallic
nodule abundance A.

At step (i), typically, the processing of the MBES data is done using
standard processing methods, correcting for spherical divergence, absorption in the
water column, and source strength. This processing step is often performed by an
MBES service provider. In addition, the uncertainty (error variance and covariance)
of the acoustic parameters can be estimated.

At step (ii), the main challenge in the Bayesian inversion is to compute the

posterior distribution p(A|m), which can be written as
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paim) = | [pemilay pcay

where p(4)is the prior distribution for A. Assuming Gaussian error variances o,;,

the likelihood distributions p(m;|A) are given by

_(mi-r i)’
p(milA) = Nie™ 7oa

where N; are normalization factors, and f;(4) is the forward model of m;. If the
results of the MBES processing described in (i) are assumed to approximate the

mean L, gand covariance matrix X, q of a Gaussian distribution, the posterior

distribution p(A|d) can be written as a convolution,

p(A|d) = Cfp(A|m)e-(m—um|a)TZ£1(m—um|a)dm

As mentioned above, the inversion performed at step (ii) uses a forwards
model. The forwards model is calibrated using box core samples acquired on the
seabed in the area of interest. Typically, 30-50 box core samples are used.

The model also uses equations describing underwater acoustics to model
the MBES backscatter amplitudes (b). These equations include the Kirchhoff
equation and equations determining composite roughness and large roughness
contributions to the MBES backscatter signal b.

In the inversion, bathymetry acts as a constraint from known depth intervals
for occurrence of polymetallic nodules (typically 4000 — 5000 m), and the slope &
acts as a constraint on the maximum slope that can be handled by a harvester.
Hence, the output of the inversion, the posterior polymetallic nodule abundance A,
is in practice an estimate of producible resources for a given harvester technology.

An output of a previous, larger-scale estimation of polymetallic nodule
abundance, e.g. based on larger-scale data, may be used as a prior into the
inversion performed at step (ii).

Next, at step 3, if the estimate of the polymetallic nodule abundance is
sufficiently high, then a decision may be taken to perform a harvesting operation for
that/those polymetallic nodule(s), and the harvesting operation may then be
performed. “Sufficiently high” may mean an estimated polymetallic nodule
abundance of above around 4 to 8 kg/m? (e.g. 6 kg/m?), and/or a total tonnage of at
least around 100 Mt.
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A decision to perform a harvesting operation may also be based on other
factors (as well as the estimate of the polymetallic nodule abundance or total
tonnage) such as seabed slope.

The above method can be used when prospecting for polymetallic nodules,

5 e.g. when planning and performing polymetallic nodule harvesting operations.
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Claims

A method of estimating polymetallic nodule abundance at a seabed, wherein
there is provided at least one acoustic parameter of the seabed, the method
comprising inverting the at least one acoustic parameter to estimate the

polymetallic nodule abundance of the seabed.

As method as claimed in claim 1, wherein the at least one acoustic
parameter comprises one or more of: bathymetry data, bathymetry slope,

and multi-beam echo sounder backscatter amplitudes.

A method as claimed in claim 1 or 2, wherein at least one non-acoustic
parameter is provided, and the method comprises inverting the at least one
non-acoustic parameter to estimate the polymetallic nodule abundance of

the seabed.

A method as claimed in claim 3, wherein the at least one non-acoustic
parameter comprises at least one geochemical, biological and/or

oceanographic parameter.

A method as claimed in any preceding claim, wherein the at least one
acoustic parameter is determined at least partially from multi-beam echo

sounder data.

A method as claimed in claim 5, further comprising obtaining or measuring

the multi-beam echo sounder data.

A method as claimed in any preceding claim, wherein inverting the at least
one acoustic and/or at least one non-acoustic parameter to estimate the
polymetallic nodule abundance of the seabed comprises using a Bayesian

inversion method and/or a phenomenological model.

A method as claimed in claim 7, wherein the phenomenological model uses

box core data and/or equations describing underwater acoustics.

A method as claimed in claim 8, wherein the equations describing

underwater acoustics include one or more of the Kirchhoff equation and
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equations determining composite roughness and large roughness

contributions to multi-beam echo sounder backscatter amplitudes.

A method as claimed in claim 7, 8 or 9, wherein the phenomenological

model models the multi-beam echo sounder backscatter amplitudes.

A method as claimed in any preceding claim, the method comprising
inverting the at least one acoustic and/or at least one non-acoustic
parameter point-wise to estimate the polymetallic nodule abundance of the

seabed for multiple different points or locations on the seabed.

A method of prospecting for polymetallic nodules comprising performing the
method of any of the preceding claims and using the estimated polymetallic
nodule abundance of the seabed in the decision-making process for

harvesting polymetallic nodules from the seabed.

A method as claimed in claim 12, further comprising making a decision to
harvest nodules from the seabed if the polymetallic nodule abundance of the

seabed is estimated to be above a particular threshold.

A method as claimed in claim 12 or 13, further comprising harvesting

nodules from the seabed.

A computer program product comprising computer readable instructions
that, when run on a computer, is configured to cause one or more

processers to perform the method of any of claims 1 to 13.
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