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1  INTRODUCTION- GOALS OF THIS DELIVERABLE

The main goal of WP2 of the UNEXMIN project is to prepare the scientific instrumentation which will be
mounted on the UX1 robot. Besides the instrumentation providing attitude control the robot needs other
instruments which provide relevant geological information. During the realisation of the proposal we aim
to choose the optimal solution taking into account both the given budget and the procurable information.
According to the main goal of Task 2.1 of the UNEXMIN project is to identify those methods that give
maximum information and which are realizable in an autonomous underwater robot.

The best way to generate meaningful geoscientific data in the underground flooded mine is to analyse
mineral samples from the mining wall. A rock sample can be investigated after grinding. These
investigations could be based on optical spectrometry, gamma emissions or direct chemical analytical
methods. Most of these methods can be adapted for high pressure and/or wet environment, so the
identification of different minerals is a solvable task.

There are many deep-sea solutions available for mineral investigation. Within the framework of the
UNEXMIN project an almost constantly moving robot must be equipped with appropriate scientific
instruments to obtain useful information. Direct rock sampling methods cannot be used because it is
impossible to predefine the sampling locations of for a robot whose main goal is mapping, and for which
a project requirement is avoidance of direct contact with the wall. These obstacles are manageable, but
solving them is not the goal of the UNEXMIN project.

Because direct investigation methods cannot be used, procedures which can replace these methods need
to be applied. The available methods can be divided into three classes:

1. Observation based optical methods: The methods in this class can be used to investigate the
surface of the mine wall from distances up to 2 m.

2. Geophysical methods: We can infer the type of minerals indirectly with the help of classical
geophysical methods in this class.

3. Water sampling methods: The simplest task is to investigate the parameters of the ambient
water. The physical-chemical properties of the water provide indirect information about the
surrounded mine site.

All information about the applicability of each of the methods is summarized and the advantages,
disadvantages and possible restrictive factors are described.

We have investigated whether commercially available equipment can be used and also investigated the
possibilities of its installation into the UX1 robot. Energy consumption, overall dimensions, suitability of
the environmental parameters (pressure and temperature limitations) as well the connectivity and
communication solutions were the selection criteria. The summary contains our opinions about specific
equipment, and our preference whether its use is suggested or not to be installed into UX1.

All chapters contain a specific paragraph called "Industrial solutions — Purchasable instruments". These
sections demonstrate the available devices, their features and properties. The collected and presented
materials include technical descriptions and specifications from public materials such as brochures and
websites of given manufacturers. The inserted texts of these paragraphs are almost without changes and
mared with different font. The relevant sources are listed in References at the end of the affected
chapters.
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2 TEMPERATURE MEASUREMENT

21  Theoretical Background

Temperature measurement in today’s industrial environment encompasses a wide variety of needs and
applications.

Since most other industrial measurements are sensitive to temperature changes, temperature
measurement is the most important application in laboratory and industrial environments.

To meet this wide array of needs for measuring temperature the process controls industry has developed
a large number of sensors and devices to handle this demand. Temperature is a very critical and widely
measured variable for most mechanical engineers. Many processes must have either a monitored or
controlled temperature, whether the temperature of process fluids, process support applications, or the
temperature of solid objects such as metal plates, bearings and shafts in a piece of machinery.

22  Measured parameter

Measured parameter is the environmental temperature. Its engineering unit is °C. In mathematical
calculations we need to change the °C to °K.

23  Targetparameter

The purpose of the temperature measurement is to record the current time-stamped environmental
temperature for compensation.

24  Measuring methods

Categories of temperature measurement

There are a wide variety of temperature measurement probes in use, depending on what are we trying
to measure, how accurately we need to measure it, and on the purpose of measurement (control or
monitoring). Devices of temperature measurement will be reviewed in two general categories:

- Thermometers
- Probes

241 Thermometers: Glass Tube Thermometers

Thermometers are the oldest of temperature measurement devices. Some highly precise measurements
are still done with glass thermometers. There are a wide variety of thermometers available on the market
today. Since the properties of fluids, and in particular, mercury are well known, the only limitation to
accuracy and resolution come in the form of how well we can manufacture a glass tube with a precision
bore.

Many thermometers use fluids other than mercury due to the environmental and health hazards and
because mercury is banned within EU today. These newer devices use other fluids that have been
engineered to have specific rates of expansion. The drawback to these fluids is that they typically are not
suitable for measuring wide temperature ranges. Another major drawback of the glass thermometer is
the limited environmental pressure range.

Ranges and accuracy
The range of a thermometer and its reading accuracy is dependent on the length of the tube, bore
diameter of the tube and the fluid in the thermometer. Typically the smaller the reading increment, the
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less range it will have. As an example, a 0.1° C accuracy mercury thermometer with a range of 100°C will
typically be about 600 mm long.

Advantage
Some highly precise measurements are still done with glass thermometers.

Disadvantage
Disadvantages of simple glass tube thermometers are the missing electrical output, and also the fragility
of glass tubes in challenging environments.

2.4.2 Probes

The next step in the evolution of temperature measurement was the development of temperature
probes. They are of three general categories:

- Resistance elements (thermistors, RTD)
- Thermocouples
Semiconductors

We can easy integrate these elements into an analog or digital electrical measurement system (DAQ).
Most of them are non-linear elements; most devices have standard tables or calibration curves that allow
users to transform electrical readings that the probe produces to the ambient temperatures.

a) Resistance elements
The thermistor and the Resistance Temperature Detector (RTD) is a thermal resistance element that
changes resistance with temperature. The amount of resistance change is defined by

AR=k-AT

where
AR - the resistance change,
k - the resistance coefficient of the material
AT - the temperature change.

The temperature is measured by passing a small DC current throughout the device and the voltage drop
produced indicates the temperature.

al) Thermistors
A thermistor is a device that changes its electrical resistance with temperature. The original thermistors
were made of loops of resistance wire, but typical thermistors in use today are a semiconductor material
with capability of large changes in resistance for a small temperature change.

Thermistors exhibit a negative temperature coefficient, meaning that the resistance of the element
decreases as the temperature increases. The most precise ones have extremely good precision, ranging
around 0.1° to 0.2°C over working range between 0 and 100°C. Thermistors are non-linear in response.
This requires additional work —and equipment - to create a linear output, furthermore adds to the error
of the final reading. A new generation of thermistors are called Linear Response elements. These elements
actually consist of two elements that are both sensing the same temperature. This layout will allow for a
linear voltage output from the probe.
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Range and accuracy

Thermistors have very high accuracy and precision. The accuracy is limited and influenced by a number of
factors. these factors are also noteworthy for other types of instruments and measurements. One
significant factor is the material quality. Manufacturing tolerances can create thermistors with accuracy
and repeatability of 0.1°C.

Another major factor is the selection of the electronic interface and powering method. If insufficient
current is passed through the device, the signal/noise ratio of the measurement will be very poor. If the
current is too high, the probe will start dissipating heat, adding offset to the temperature reading.

The third significant factor is the linearization of the scale. The thermistor is not a linear device, and most
units will use some type of polynomial curve to create a calibrated formula for temperature calculation.

Temperature ranges of thermistors are typically from about -80°C to +150 °C. There are some special units
that have ranges below and above. The usable range is dependent on its capability to give quite enough
resistance changes over a wide temperature change.

The range of the output resistance runs from around 0 to few kQ2s. In some cases it can be difficult to
create a measurement system to read such a wide range of values. Thus a thermistor is particularly useful
in small temperature change environments only.

Figure 1 shows the resistance curve of a typical thermistor.

Thermistor Resistance

_________________________________________ 200
________________________________________ 150
________________________________________ 100

|

a

o
Temperature (°C)

------------------------------------- -50

. . . . -100
0 500 1000 1500 2000 2500

Resistance (kohms)

Figure 1. Typical thermistor resistance changing

a2) RTD
The second type of temperature measurements is the RTD (Resistance Temperature Detector). The RTD
was developed to obtain greater accuracy than the thermistor. The Resistance Temperature Detector is
one of the most accurate temperature measuring devices available. The response is slower and the
sensors are much more costly, but these sensors are much more robust, more linear and accurate than
thermocouples.
Unlike the thermistor, the Platinum RTD is a linear device, its resistance changes linearly proportionally to
temperature change.
RTD operates on the basis of changes of the resistance of metals. The standard for high accuracy
measurement elements is the Platinum RTD. Precious metal devices have high precision, and they are
accurate and stable over long periods of time.
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The simple RTD sensor consists of fine platinum wire wrapped around a ceramic core. Since this element
itself is very fragile it is usually placed inside a sheath material. The wire coil is made of material as pure as
possible, since the purity of the metal determines its accuracy. Standard metals for building RTDs are:
platinum (this is the standard); nickel, copper, Balco (nickel-iron alloy) and tungsten are also used.

Range and accuracy
The temperature range of a Platinum RTD is a much wider range than that of a thermistor, it typically runs
from about -270 °Cto +850 °C.

The IEC (International Electrotechnical Commission) or DIN (Deutsche Institute for Normung) standard
specified a resistance of 100 Q at 0 °C and a temperature coefficient of 0.00385 Q/°C.

There are two classes in the standard, class A and class B in term of accuracy and deviation. The Table 1
shows these two classes.

Temperature and resistance deviation of Platinum RTD
Temperature Class A Class B

°C +Q °C +Q °C
-200 0.24 0.55 0.56 1.3
-100 0.14 0.35 0.32 0.8

0 0.06 0.15 0.12 0.3
100 0.13 0.35 0.30 0.8
200 0.20 0.55 0.48 1.3
300 0.27 0.75 0.64 1.8
400 0.33 0.95 0.79 2.3
500 0.38 1.15 0.93 2.8
600 0.43 1.35 1.06 33
650 0.46 1.45 1.13 36
700 1.17 3.8
800 Not used 1.28 4.3
850 1.34 4.6

Table 1. RTD Classifications.

The RTD — like the thermistor - is a resistance based device. In order to get the resistance, it is necessary a
known DC current to flow through the device. The voltage drop across the resistance serves the proper
temperature value. But too large current flow can cause self-heating and affect the measured
temperature. Modern, factory produced electronics handle this issue.

The RTD can be connected to the transmitter by 2-, 3- or 4-wire connections. The 2-wire connection is the
simplest and used where precision is not a major issue. Usually the distance between the sensor and the
transmitter is not too large.

The 3-wire system is an advanced solution and improving accuracy. It is often used in a bridge
measurement layout.

The 4-wire system is used where long wires need to be employed. Separation of power and measuring
lines helps to eliminate the parasite resistance of the long leads.

b) Thermocouples
We do not use thermocouples in a low temperature range with narrow bandwidth and high resolution
and precision. Characteristic applications of thermocouples are in the steel industry.
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¢) Semiconductor Probes
Semiconductor probes are the third main category of probes. Like a resistance probe, they require a
current (or voltage) supply to create a reading. This is where there is a similarity with thermistors.
Semiconductor probes are created from a semiconductor wafer that contains a number of active circuits.

243 Notes
Before we draw conclusions, the following definitions are noteworthy for any kinds of measurements.

Accuracy

The accuracy is a difference: amount of uncertainties of the measurement. It shows the proximity of
measurement results to the true value. Basically the accuracy is determined by the quality of the sensor
and signal conditioner system and their electric parameters: attenuation, gain, bias, offset error, etc.

Precision
The precision gives the repeatability, or reproducibility of the measurement. The smaller the proximity of
the measured values the better the precision. It is not necessarily true that good precision means excellent
accuracy, e.g. a simple circuit with huge (uncompensated) offset or bias can be precise but will not be
accurate.

Resolution

The resolution of the measurement is a unit. This is the smallest, objectively detectable part of the actual
measuring range ("span"). It is generally determined by the number of bits of the A/D converter of the
system. Unfortunately, the values of other factors also play a role by determining the resolution. The most
important of these is noise, it has an impact, which increases the numerical value of the resolution.

Response time

The response time is the (dead) time of a system or functional unit, which reacts to a given input. It has
importance in terms of expected frequency of the measurement. This means display and processing of
measured values will be delayed. The response time of some sensors can be significant.

25  Conclusion

Measuring the temperature is important to make post correction of temperature sensitive measurement
methods. Temperature measurement is a simple and reliable method of measuring the environmental
condition in flooded mines. Several industrial temperature probes are available. In flooded mine
environment it is critically to have high accuracy instrument with sufficient resolution in order to
determine small temperature changes in the mine environment. Generally 0.1 °C detectable change is
feasible. Since the equipment will move during the measurement the second critical requirement is short
response time of the temperature sensor.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

The temperature measurement method and available RTD equipment can be used as in-situ
measurement considering compromises respect with accuracy.
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3 HYDROSTATIC LEVEL MEASUREMENT

31  Theoretical Background

Hydrostatic level measurement is a simple and reliable method of measuring water level or depth of the
water column. Hydrostatic pressure measurement is suited for level measurement due to the hydrostatic
effect of non-flowing fluids. Differential pressure sensors are used for the measurement of the level of a
liquid column. This physical principle describes the effect of the weight force of a stationary liquid at the
measuring depth. The weight force is described as "hydrostatic pressure". In continuous level
measurement, hydrostatic level measurement is the principal sensor technology.

Measuring principle: a standard or submersible pressure transmitter is mounted at a specific depth (zero
level). The transmitter measures the pressure caused by the weight of the liquid on top of this level.

The most important condition for hydrostatic level measurement is the "hydrostatic paradox": regardless
of the shape and volume of the tank, the hydrostatic pressure at the measuring point of a tank is
proportional only to the height of the liquid column. The hydrostatic pressure at the measuring point is
proportional to the absolute filling height. If the specific gravity of the liquid is known, the pressure
measurement can be calibrated to measure the distance from the surface of the liquid to the zero level,
where the transmitter is mounted.

Hydrostatic level transmitter does not only allow measurement of the current height of the surface level.
It allows to monitor changes in level from any chosen reference point within the media, anywhere in
between the bottom of the resource and its surface.

Hydrostatic level transmitters are unaffected by any disturbances of the liquid’s surface like overflow,
flood or spill.

32  Measured parameter

The pressure transmitter measures the pressure caused by the weight of the liquid column directly on top
of the selected zero level where the transmitter is mounted. The hydrostatic pressure at the measuring
point is proportional to the water column height.

33  Measuring method

3.3.1 Level measurement in open vessels

Measuring liquid level in open vessels by using hydrostatic pressure level sensors is the most popular
and the cheapest solution for level measurement applications. It is simple to install and easy to use.
It is easy to calculate the filling height of an open vessel from the hydrostatic pressure measured at
the bottom of the vessel.
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Figure 2. Level measurement in open vessel

The filling height of an open tank or vessel is calculated using the following equation:

h =p/(pg)

where
h - height of the liquid column [m]
Pz - hydrostatic pressure [bar (relative)]
p - density of the liquid [kg/m®]

g - gravitational force or gravitational acceleration [9.8066 m/s?]

As a simple rule of thumb for water as a medium: a pressure of 1 bar (relative) corresponds to a filling

height of 10 m.

3.3.2 Level measurement in covered vessels

The level measurement in closed vessels requires a pressure compensation in term of the pressure of the
enclosed gas phase above the liquid. Measuring the pressure of the gas phase by another individual sensor
or via an integrated differential pressure transmitter can help to do the compensation. For the
measurement we can use either relative sensors with ambient pressure compensation, or absolute

pressure variants with sealed vacuum reference.

<y

p1

Y

Figure 3. Level measurement in sealed vessel
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The filling height of a sealed vessel is calculated using the following equation:

h=(pzp1)/ (pg)
where
h - height of the liquid column [m]
pz - hydrostatic pressure [bar]
ps - pressure of the enclosed gas in the vessel [bar]
p - density of the fluid [kg/m?]
g - gravitational acceleration [9.8066 m/s?]

34  Target parameter

Determining the submersible's depth.

35  Applicability

A standard or submersible pressure transmitter is mounted at a specific depth (zero level). The transmitter
measures the pressure caused by the weight of the liquid column on top of it. The hydrostatic pressure at
the measuring point is proportional to the water column height / actual depth of immersion.

36  Accuracy

The accuracy should be chosen according to the needs of the application. Standard accuracy of <0.5 %
will give a possible error of maximum 5 mm per meter (500 mm per 100 meters, 2.5 m per 500 meters).
This accuracy corresponds to a military GPS.

Highest accuracy variants with <0.1% will be as accurate as max. 1 mm per one meter of level.

37  Increasingthe accuracy

In measuring the hydrostatic level by pressure sensors, we have to be aware that the level measurement
is influenced by several factors, e.g. the specific gravity of the medium and the medium temperature. The
temperature also affects the specific gravity of the medium and it may not be stable. If the medium
changes in its composition it will also change its specific gravity.

In flooded mines the ion concentration and the specific gravity may rise with depth. Therefore the
hydrostatic pressure will show a higher reading, thus over-estimating the depth . If we do not detect
changes in the composition of the medium, we can ignore this effect.

The specific gravity can also change due to varying temperature. If the temperature increases, the specific
gravity of the medium will decrease and the apparent level will increase. The hydrostatic pressure
measurement may not reflect this change in level accurately.

To increase the accuracy of the hydrostatic level measurement we have to compensate for the
temperature effects and for the change of specific gravity of the medium.

38  Compensation

It is easy to compensate for the temperature effects of the medium, if we know how the density changes
due toincreasing or decreasing temperature, e.g. by using a standard table for the medium, indicating the
specific gravity for each degree of temperature.
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A simple additional temperature sensor within the pressure transmitter can provide the needed
temperature measurement. If we know the temperature behavior of the medium and how it changes its
specific gravity, we can easily compensate for these effects in the control system and correct the level
calculation by using the proper specific gravity according to the standard table.

If the medium is changing its composition, a temperature measurement cannot provide sufficient data
for the depth correction.

The specific gravity is calculated as follows:

p =(p1—p2)/g(hi—h;)

where
p - density of the fluid [kg/m?]
p1 - hydrostatic pressure of the lower sensor [bar]
p2 - hydrostatic pressure of the upper sensor [bar]
g - gravitational force or gravitational acceleration [m/s?]
h;—h; - distance between the two sensors [m]

39  Responsetodisturbances

Submersible or standard pressure transmitters are positioned in direct contact with the medium at a
measuring point below the surface level. Therefore they are not affected by any disturbance above the
surface level such as foam, dust or water splashes.

This sensor is in direct contact with the medium. If it is allowed to dry on the pressure sensor, it can easily
be cleaned or rinsing it with water as part of the scheduled maintenance.

310 Advantages of the method

- Simple installation and operation of submersible pressure transmitters or differential pressure
meters.

- Proven and established, field-tested measuring principle, high reliability.

- Robust measuring process. It is not affected by any disturbance above the surface level such as
foam, dust, vapour, etc.

- The measurement unaffected by many physical characteristics, e.g. conductivity, viscosity, etc.

- Unaffected by tank geometry

- Direct contact with the medium by flush diaphragm.

311 Disadvantages and limitations of the method

- Accurate measurement requires either media with constant density or continuous density
measurement of the medium.

- Requires correct mounting. Faulty mounting position is a common source of inaccuracy in the level
measurement. The height difference of the measuring points to the differential pressure
transmitter lead to an additional hydrostatic pressure between the transmitter inputs.
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312  Industrial solutions—Purchasable instruments
3.12.1 Types of hydrostatic level sensors

In hydrostatic level measurement, there are three main types of level sensors:
- Conventional pressure transmitters
- Process pressure transmitters
- and submersible pressure transmitters.

They are available in relative, absolute and differential pressure variants.
Conventional pressure transmitters (Figure 4) are the most commonly employed; their price/performance
ratio is excellent. They are simple to install and operate, available with a range of accuracies up to < 0.1 %.

Figure 4. Conventional pressure transmitter with pressure port

Process pressure transmitters are primarily used in industrial applications with special demands on the
measurement technology. Issues like communication via bus systems, scalability, integrated tank
linearization, etc. ensure suitability for the industry. The extensive adjustability and high intelligence of
these SMART pressure transmitters is also reflected in their higher price level, typically five to ten times
the cost of a conventional pressure sensor.

Figure 5. Process pressure transmitter

Submersible pressure transmitters are frequently used to measure the water level in reservoirs, wells or
other open water bodies, specifically in the water and waste-water industry. These pressure transmitters
are designed to operate while continuously submerged in liquids. They mainly differ from conventional
pressure sensors in their media resistance, pressure tightness, cable quality and ingress protection.
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3.12.2 Process connection, membranes, cleaning

Conventional and process pressure transmitters can both be equipped with flush mounted diaphragms
for use on fluids that have low viscosity, contain coarse grained particulates or can crystalize. The flush
mounted diaphragm prevents plugging of the pressure transmitter's port to maintain accurate readings.

Figure 6. Flush mounted diaphragm
3.12.3 Differential pressure transmitters

Differential pressure transmitters offer the ability to measure and eliminate the effect of the gas phase in
gas-tight sealed tanks. This ensures to display correctly the level of the liquid column inside the tank
without the need of any additional compensation or additional sensors. The sophistication of this
measurement technique is however reflected in the costs of both the instrument itself as well as the
corresponding installation.

AN

p1

h1

____________ f -——------ — To differential
» pressure meter

Figure 7. Level measurement by differential pressure transmitter
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3.13  Purchasable instrument: Hydrostatic level meter WIKA S-11 pressure transmitter

3.13.1 Specifications

- for general industrial applications

- operating in medium temperatures of up to 150 °C
- measuring range: 0...60 bar

- overpressure limit: 120 bar

- accuracy: <+0.5% of span (standard), <+0.25% of span (optional)
- operating temperature: -30...+100 °C without cooling (standard)

- process connection: G1/2 B flush, 0 to 600 bar

Output Signal Type

Required Power Supply

Current, 2 wire, 4-20 mA

DC 10-30V /20 mA

Current, 3 wire, 0-20 mA

DC 10-30V /20 mA

Voltage, 3 wire 0-5V
0-10V

DC10-30V /1 mA
DC 14-30V / ImA

Table 2. WIKA S-11 output signal types

3.13.2 Dimensions
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Figure 8. Dimensions
3.14 Conclusion

with cable outlet
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Weight approx. 0.2 kg /7 oz

Hydrostatic level measurement is a simple and reliable method of measuring liquid level and the
submarine's actual depth of immersion. Changes in specific gravity of the medium and the temperature

effects the accuracy so compensation might be required.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

The hydrostatic level measurement method and available equipment can be used as in-situ measurement

considering compromises respect with accuracy.
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4  PHMEASUREMENT

41  Theoretical Background

The pH electrode technology hasn’t changed much in the past 50 years. With all the technological
advancements of the last 30 to 40 years, pH electrode manufacturing remains as a sort of art. The special
glass body of the electrode is blown to its configuration by glass blowers. The thickness of the glass
determines its resistance and affects its output.

Accurate determination of pH is done by potentiometric method. The potentiometric electrochemical
analytical method is based on the measurement of the potential of an electrode submerged into an
electrolyte. A submerged electrode will change its potential depending on the physical properties of the
medium. An electrode potential can always be determined only in the relation to a second electrode. It is
necessary to form a “galvanic battery” with a reference electrode. Measured voltage between reference
and pH electrodes gives a response proportional to the pH.

The simplest way to measure pH is to use combined electrodes. A combined pH measuring probe consists
of two electrodes in one body. One of them is called the measuring electrode and the other one is the
reference electrode. Both electrodes are introduced to the solution where we want to measure the pH.

Since free hydrogen ions are present in solution electrical potential will be generated between the
measuring electrode and the reference one.

The electrical potential of the reference electrode is constant. It is originated by the contact with the
reference fill solution. The reference electrode delivers this constant potential to the meter and the
measuring electrode delivers a varying potential, which will varies linearly with the pH of the solution in a
broad pH range.

pH Half Cell Reference Half Cell
Reference Electrolyte
(Saturated KCI)
Glass Body
AG/AQCI Wire
Reference Junction

Figure 9. Combined glass pH electrode

Internal
Buffer Solution

AGI/AQCI Wire

Hydrated Inner Gel Laye:!

Glass pH Sensing
Membrane

Hydrated Outer Gel Layer —

The glass pH electrodes are specially formulated, high electrical resistance glass devices. The glass typically
contains alkali metal ions. The reference electrode is put into a pH 6-7 Ag/AgCl based buffer solution. The
membrane potential of the measuring electrode is determined by the ratio of [H*] concentration on each
side. Inside the glass bulb the [H*] concentration is constant, so the external electrode will determine the
[H*] concentration.
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The emerging potential of a glass electrode can be calculated by the Nernst equation:

E =(RT/F)In [H30+]
where

E - the probe potential in V

R - the gas constant, 8.314472 ) mol™ K

T - the temperature in K

F - the Faraday constant, the number of coulombs per mole of electrons:
F=9.64853399x104 C mol™

[H30+] - the concentration of hydronium ions

The simplified Nernst equation at 25 °C:
E =0.0591pH

In other words the electrode will produce 59 mV change for each 1.0 pH change, at 25 °C.

42  Measured parameter

The concentration of the [H*] ions. The electrode potential varies linearly with the pH of the solution in
broad pH range.

43  Measuring method

Most accurate determination of pH is done by potentiometric method.

44  Aimed parameter

Determining acidic or alkaline environment.

45  Applicabiity

The voltage signal produced by the pH electrode is a very small signal with high output impedance. The
high output impedance requires that it can only be interfaced to any electric equipment with significantly
higher input impedance. The input impedance required is of the order of 10'? ohms. This is the reason
why pH electrodes do not interface directly to any equipment.

45.1 Advantages of the method

- The method serves directly the pH log of concentration of [H*] ions.
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45.2 Disadvantages of the method

- Requires special electrode handling.

- There are several adverse effects on the accuracy.

- Limited environmental conditions (temperature, pressure)

- Limited numbers of commercial types pH meters for high pressures. High quality, accurate
sensors with good precision have mechanically sensitive glass electrodes.

- The pH sensor must be placed vertically or almost vertically.

46  Handling electrodes

The glass electrode is mechanically sensitive, it must be protected from any mechanical damage. Taking
glass membranes out of service or when stored in dry condition their quality deteriorates within a year.
For the correct operation the glass membrane of the electrodes must be swollen. This is achieved by the
initial acid usage (0.1 mol/I KCl) activation (conditioning), and is maintained by storage in clean water.

47  Effects onthe accuracy

Accurate pH measurement has been a long-standing problem due to different effects. There are several
effects, which adversely affect the pH measurement process and the final result. For example,
temperature changing has a number of significant effects on the measurement. Any variation of
Temperature Coefficient effects on the material being measured by the sensor, whether it be calibration
buffer or sample.

Further sub-classification is necessary for each of these categories in order to understand the mechanism
and to determine the optimal action.

4,71 Real pH electrodes are not ideal

- Real pH electrodes have a temperature related drift from actual pH.

- Electrodes have offset error. An ideal electrode produces 0.0 mV when placed in a solution with a
pH of 7.00 at 25 °C. A real electrode have different reading which varies from 0 mV.

- Slope error: the ideal mV/pH relation is a straight line with a slope factor of 0.592 V. Any variation
from this ideal value is specified as the electrode’s span error or slope error. It necessary to
compensate the effect of slope error during the calibration procedure.
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4.7.2 Effects of Temperature on pH measurements

- Temperature affects electrode slope, there is a variation in Nernst slope with temperature change.

- Calibrated Isothermal point: the isothermal intersection is not at the zero point (0 mV at pH 7) and
not at the same point with constant or varying temperatures.

- Theresponse time of the electrode varies with temperature.

- The glass membrane impedance varies with temperature.

4.7.3 Effects of concentration change on pH measurements

- Theresponse time of the electrode varies with concentration change.

474 Effects of Liquid Temperature Coefficient Variation on the calibration buffer and the sample

Both the Temperature Coefficient Variation of the calibration buffer and the sample lead to inaccurate
measured values.

When the temperature is above 25 °C the temperature compensation lowers high pH and raises low pH,
resulting in values closer to neutral. Below 25 °Cthe temperature compensation raises high pH and lowers
low pH resulting in values further away from neutral.

Temperature compensation must be used for pH accuracy. If the accuracy requirement is 0.1 pH, at a
pH of 6 and a temperature of 45 °C, the error is small (0.06), well within the accuracy requirements.
Further away from neutral, operating at pH 10 and 55 °C with the same #0.1 pH accuracy requirement,
would give an error of 0.27 pH. Compensation should be used.

To reduce the potential errors, using water bath should perform instrument calibration and sample
measurement at the same temperature, ideally. As the pH of solutions is temperature dependent, the
measurement temperature should be recorded.
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48  Industrial solutions—Purchasable instruments

4.8.1 Cylindrical, high pressure glass membrane pH electrode - IDRONAUT, ltaly

Technical specifications:

Membrane type: uranium glass membrane (500Mohm @ 20°C).
MNull point: 7 pH.

Range: 1 .13 pH.

Drift: 0.05 pH/month.

Response time: 3s.

Operating pressure: 600 bar.

Maximum pressure: 700 bar

QOutput connections: shielded wire and LEMO plug.

Mounting: through 12 mm hole with two 0-ring seals (Parker 2-12).
Weight: 35 gr. (including the hydrating cap).

Body: titanium.

MNote: complete with hydrating cap half-filled with
pH 7 Buffer Solution.

_:‘
250

71
—» [+—15

52

Titanium body

+

v

Figure 10. High pressure pH probe

This product is not available in OEM format.
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4.82 Ocean Seven 305 Plus CTD - IDRONAUT, Italy

Real-time and logging (CTD): 8 Hz.
Interfaces: RS232C (up to 200m), RS485 (up to 1 km), Telemetry (up to 2 km).
Bluetooth® Class 1, SPP compliant range of over 100 m.
2 Gbytes.
Wire Wireless Data memory: 16-bit SAR.
A/D converter: 3 xsize "AA" Alkaline 1.5V battery assembled in a single pack 4.5V. 1 x
Supply Voltage (Battery): size "AA" Lithium non rechargeable battery, 3.6V, 2.4Ah.7.0-18 V DC.
7.0-60VDC.
Running: 70 mA at 3.6V; Sleep: 0.008 mA at 3.6VDC.
RS232C and USB cable PTP - proprietary byte oriented binary and plain message protocol.
Telemetry
Supply Current: Friendly menu driven user interface.

Communication protocol:
Operator interface:

Table 3. Electric specifications of Ocean Seven 305 Plus CTD

1000 dbar 2000 dbar 7000 dbar
Dimensions: diameter 43 mm 75 mm 48 mm
total length 715 mm 660 mm 660 mm
(including hanging rod)
weight in air 1.3kg 2.6kg 2.1kg
in water 0.7 kg 0.6 kg 13 kg
material AISI316L/POM White POM Titanium

TECHNOLOGY

IN SEARCH OF
NEW DEPTHS

P IDRONAUT

Table 4. Physical characteristics of Ocean Seven 305 Plus CTD
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Parameter Range

Pressure 0..2000 dbarl”

Temperature  -3..+50 °C

Conductivity

Salt water 0.. 70 mS/cm

Fresh water 0.7000  uS/cin

Oxygen 0. 50 ppm
0..500 % sat.

pH 0. 14 pH

Redox +/-1000 mV

*Other standard pressure transducers : 10, 40, 100, 200, 500, 1000, 4000, 7000 dbar ranges.

Accuracy
0.05 %full
scale
0.005 °C
0.007 mS/cm
5 uS/cm
0.1 ppm
1 % sat.
0.01 pH
mV

Resolution

0.0015
scale
0.001

%full

C

0.001 mS/cm

0.1 uS/cm
0.01 ppm

0.1  %sat.

0.001
0.1

pH
mV

**Differential pH preamplifier, 103 + 10** ohm in

Time Constant

50 ms

50 ms

50 ms
rate )
50 ms
rate )
3s
to air)
3s
to air)
35 (**)

3s

Table 5. Sensor specifications of Ocean Seven 305 Plus CTDput impedance.

483 Glass pH sensor - Corr Instruments, USA

Standard High Pressure Glass-based pH Probe
T=11t0800C; P=0to 2000 psig

Minimum length ~5”

Corr Fitting

Mounting fitting with

3/8”" or 2" NPT
(4" NPT for 3/8”
OD tube only)

b (Maximum Insertion

Length) (8" to 20")

PH sensing tip

L2 (Insertion depth)
One time adjustable
between 1" and b-2")

\

1/2” OD
Insertion Tube
(3/8” OD for

special probe
only)

Figure 11. High pressure pH probe

The Lo (Overall Length) value for the shortest probe would be about 10” after the factory reduce

the b (Maximum Insertion Length) value to about 5"

Electrical output: BNC, standard.

This probe requires an additional reference electrode. Full warranty is only 3 months because the
glass sensing membrane of the probe can be easily broken if it is dropped to hard floor. Partial
warranty is 1 year. The probe's life should be good for 2 years, but this life depends on the medium

in which it is used.
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484 Reference electrode - Corr Instruments, USA

High Temperature and High Pressure Reference Probes

Internal Probe: b2< 6” (recommended for long-term use at T<100 °C and
for short-term use at T=100 to 310 °C)
External Probe: b2> 12" (recommended for long-term use at T up to 310 °C)
P = Water saturation pressure to 2000 psig (or higher for certain models)

b (Insertion Tube length) = up to 36"
PTFE tube
Corr Fitting (with gici,iil Filled with KCI
Queon seal inside) In KC1 Solution Liquid
/ Junction
) . ‘J
T“_“_,’ _—
1 L2 (Insertion
b1 depth) To be
<> fixed by user
3/8” OD Insertion Tube (L2>17)
(1/4” OD for special b2 (exposed
probe only) W'
(This section Mounting fitting with
can be bent to i 1/47, 3/8", or V2" NPT
avoid spacing W (1/8" NPT for %" OD tube
conflict ) only)

Figure 12. High pressure reference electrode
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485 Analog pH Meter Kit - DFRobot

Figure 13. Analog pH meter kit [6]

Specifications

- Module Power : 5.00V

- Module Size : 43 x 32mm(1.69x1.26")
- Measuring Range :0 - 14PH

- Measuring Temperature: 0—60 °C

- Accuracy : +0.1pH (25°C)

- Response Time : < Imin

- pH Sensor with BNC Connector

- pH2.0 Interface (3 foot patch)

- Gain Adjustment Potentiometer

- Power Indicator LED

49  CaseStudy

The Research Institute of Applied Earth Sciences developed a small pH interface for a national competition
project of a freshwater quality monitoring system. Five devices were manufactured, of which one device
is continuously operating near the university at Sajo river.
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410 Condlusion

The measurement method is simple potentiometry applied with very high input impedance interface
amplifier. The method measures pH directly: log of concentration of [H*] ions. There are limitations in
applications especially connected to the environmental conditions (temperature, pressure). Applied
sensors requires careful electrode handling and systematic cleaning and calibrations.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

The method and available equipment can be used as in-situ measurement considering compromises
respect with accuracy.
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5  CONDUCTIVITY MEASUREMENT

51  Definition of Conductivity

Conductivity (Electrical Conductivity) is the ability of a material to conduct electric current.

52  Measured parameter

Measured parameter is the electrical conductivity (G or EC) the inverse of the resistance (R). Since the
object of the measurement is any (liquid) material, the measured value is a specific value, with respect to
unit length of the particular material.

53  Target parameter

Electrical conductivity is a good indicator of Total Dissolved Solids (TDS). Total dissolved solids (TDS) is a
measure of the combined content of all inorganic and organic substances contained in a liquid in
molecular, ionized or micro-granular suspended form.

54  Theoretical Background

The principle by which instruments measure conductivity is simple—two plates are placed in the sample,
a potential is applied across the plates (AC needed), and the current that passes through the solution is
measured. Electrical Conductivity is determined from the voltage and current values according to Ohm's
law.

EC=G=1/R=1/U
where

EC or G - the Electrical Conductivity, measured in Siemens (S)

R - the resistance (impedance) of the actually tested material, (ohms, Q2)
U - the applied excitation voltage between probes, (V)

I - the resultant electrical current (A).

Since the charge on ions in solution facilitates the conductance of electrical current, the conductivity of a
solution is proportional to its ion concentration. However, in some situations conductivity may not
correlate directly to concentration: the relationship between conductivity and ion concentration is not
linear. Different ionic interactions can alter the linear relationship between conductivity and
concentration in some highly concentrated solutions. For example the graph is linear for sodium chloride
solution, but not for highly concentrated sulphuric acid.

55  Measuring method

Since the object of the measurement is any (liquid) material, the measured value is a specific value, with
respect to unit length of the particular material.
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There are two main methods to measure EC:
- by inductive loops
- with AC excited electrodes

55.1 Inductive loops

Inductive conductivity sensors generate a current in the medium using a primary coil, and measure the
current with a secondary coil.

Due to the non-contact measurement principle, inductive conductivity sensors lack the problems
connected with electrode sensors, like uncontrollable contamination and polarization effects. A
disadvantage of practical inductive conductivity sensors is the reduced sensitivity and the relatively high
initial measurement limit (approx. 100 uS/cm).

Oscillator I I Receiver

Primary coil Secondary coill
- P
e ‘I P
—~—_.- Induced

current
Figure 14. Inductive EC measurement
5.5.2 Measurement by AC excited electrodes

Generally the EC is measured by two electrodes (plates), which are fixed at a determined distance.
Geometry of electrode plates may vary. The distance between the electrodes / area of electrode plates is
known as the K constant of the measuring cell. An electrode with K=1 has 1 cm distance between plates
with 1 cm? squared area of both plates.
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1cm

1ecm \
Electrode plate

Solution

d=1cm

Figure 15. EC electrodes with K=1

Shorter distance between the plates results in smaller K value and an electrode with smaller K factor will
amplify the incoming signal and therefore gives better (higher) readings (and narrower measuring span).
The final measured value is the specific EC:

EC =distance between the electrodes (cm) / area of electrode plates (cm?) - conductivity

Since the distance between measuring plates appears in the equation, the measuring unit of the specific
conductivity is S/cm, mS/cm or uS/cm.

The conductivity is calculated by the measuring electronics. The measured sample is listed as a
determining factor for the gain of the signal-processing instrument. Therefore the electronics converts
the conductivity into millivolt readings.

56  Electronicinterface

The conversion between conductance and voltage output requires special interface electronics, which is
based on quite a simple measuring method.

Since the measured sample becomes a passive electrical component of the interface it needs only small
amounts of electrical power.

On the front of the interface there is an AC sine (or square) wave generator —sine oscillator - as measuring
signal source, which is connected to an amplitude stabilizer.

DC excitation of the plates is not suitable because it passes DC current through the probes and the
medium. We cannot measure conductivity of solutions with DC current because polarized electrodes
attract or repel positive and negative ions. The presence of the positive and negative ions means that the
solution would conduct electricity and we would get a constantly changing reading that is useless. We
overcome this by using an AC signal. If the frequency of the oscillator is high enough (e.g. 10 kHz) charge
carriers do not have time to move before they are pulled in the opposite direction.

The sine or square signal — after permanent attenuation - is passed to the next stage, which is a simple
amplifier. Its gain is varied by the measured conductivity. The output is a different amplitude AC wave
proportional to the conductivity and resistivity according to Ohm's law.
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The final stage of the circuit is a precision rectifier, which forms a constant DC level from the rectified AC
wave and feed that to the DAQ system.

Probe Plates

Attenuator
Sine osc. Rectifier ——0

DC Out

Variable Gain
Amplifier

Figure 16. Analog Electrical Conductivity Meter block scheme
57  Applicability

Measuring by AC excited plates is suitable for applications in flooded metal mines. The EC gives
information about the changing dissolved ions in the water and about spatial changes of Total Dissolved
Solids.

58  Advantages of the method

- This method and the electronics is quite simple and supplies direct information about total ion
content.

- No special orientation needed for the EC probes.

- Low power consumption: 10 mA at5V

59  Disadvantages of the method

- Mechanical problems with commercial EC probes at high pressure.

- Not too difficult, but special electronics needed.

- Industrial equipment is too robust and has large dimensions for an underwater application.

- Labour equipment is consisted of usually hand-held gadgets with LCD, without electric signal
output, or large 230V AC powered desktop devices.

- Temperature will affect the conductivity; compensation is needed.

- Long term problems with uncontrollable contamination and polarization effects in case of
multiple days of continuous measurement. These effects can influence the repeatability.
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510 Industrial solutions—Purchasable instruments

5.10.1 EC sensor - Corrinstruments, USA

High Pressure Conductivity Probe (Cell Constant >3 1/cm)
(0 To 305 oC; 0 to 2000 psi)
(Pt-(2)-1*10mm-30"-T-Tube375-NPT375A-C276)

Coaxial cable with b (max Insertion Tube length)
BNC connector o up to 30"
Corr fitting
(Queon Seal Inside)
Drain holes Pt electrodes

; g . PTFE cell
Mounting fitting wit W uiisiovs B
3/8" male NPT

3/8” OD tubing L2 (Insertion depth)
To be fixed by user
1 (L2=L3) ]
I

Must be in liquid

Figure 17. High Pressure EC probe

We cannot determine the exact K (Cell Constant) value now; it can only be known after the factory
have made the probe. It will be approximately 1 cm™. It should be good for solutions with average
EC3-4 mS/cm.

5.10.2 Analog Electrical Conductivity Meter with Temperature Compensation — DFR0300 - DFRobot

Figure 18. Analog Electrical Conductivity Meter with Temperature Compensation — DFR0O300
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Specification
- Operating Voltage: +5.00 V
- PCB Size: 45 x 32mm (1.77x1.26")
- Measuring Range: 1ms/cm -- 20ms/cm
- Operating Temperature: 5-40 °C
- Accuracy: < 5% F.S (using Arduino 10 bits ADC)
- PH2.0 Interface (3-pin SMD)
- Conductivity Electrode (Electrode Constant K =1, BNC connector)
- Cable Length of the Electrode: about 60 cnDS18B20 Temperature Sensor (Waterproof)
- Power Indicator

511 CaseStudy
The Research Institute of Applied Earth Sciences developed a small EC interface for a national competition

project of a freshwater quality monitoring system. Five devices were manufactured; one device is
continuously operating near the university at Sajo river (Hungary).

512  Conclusion
Simple EC measurement method is suite for applications in the underground flooded mines. The EC gives

information about the changing dissolved ions in the water and about spatial changes of Total Dissolved
Solids.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

The method and available equipment can be used as in-situ measurement considering compromises
respect with stability and accuracy.
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6  ISEMEASUREMENT

6.1  Basictheory of ISE measurements

lon-Selective Electrodes (ISEs) are relatively simple and inexpensive analytical devices. They have been
widely used for more than thirty years.

These electrodes are used in a wide variety of applications for determining the concentrations of various
ions in agueous solutions.

The most well-known and characteristic member of this group is the pH electrode and can represent the
basic principles of ISEs.

Like the pH electrode the most essential component of an lon-Selective Electrode is a special, sensitive
glass membrane, which permits the passage of specified ions of the test solution.

The potential difference developed across the membrane is directly proportional to the Logarithm of the
ionic concentration of the external solution.

In order to measure the electrode potential developed at the ion-selective membrane the ISE electrode
must be immersed in the test solution together with a separate reference source and these two probes
must be connected via a millivolt measuring system.

The relationship between the ionic concentration (activity) and the electrode potential is given by the
Nernst equation:

E=E°+(2.303 RT/nF) Log(A)
where
E - the total potential (in mV) developed between the sensing and reference electrodes.
E°-is a constant which is characteristic of the particular ISE/reference pair.
2.303 - the conversion factor from natural to base 10 logarithm.
R - the Gas Constant (8.314 J/K/mol).
T - the temperature (K).
n - the charge on the ion (with sign).
F - the Faraday Constant (96,500 coulombs).
Log(A) - the logarithm of the measured ion content.

The basic working principles are exactly the same for both ISE and pH electrodes.

As we can see the 2.303 RT/nF is the slope of the line. This is an important diagnostic parameter of the
electrode - generally the slope is lower as the electrode becomes old or contaminated. The lower the
slope the higher are the errors on the sample measurements.
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6.2  Differences Between pH and Other lon-Selective Electrodes

- The pH membrane is a H+ ion-specific membrane. In contrast, ISE membranes are not entirely
ion-specific and can permit the passage for other ions, which may be present in the test solution.
This causes ionic interference.

- Most ISEs will only work effectively over a narrow pH range.

- ISEs have smaller linear range and higher detection limit (narrower range) than the pH electrode.
Generally we can calibrate them at the region between 105 to 107 moles/l, and only few probes
can be used below this range. For low concentration samples, it may be necessary to construct
an individual calibration graph because this range is not linear also.

- The calculation of ionic concentration is strongly dependent on a precise measurement of the
potential difference. Only 1 mV inaccuracy can cause significant difference from the true value.

- Variation of ion concentration affects the result of the ISE measurement.

63  Typesof lon-Selective Electrodes

Manufacturers give very few details about the internal construction of the electrode or composition of
the ion-selective membranes. These are the most important factors, which ensure the performance of
the electrode, and are kept as closely guarded trade secrets.

lon selective electrodes come in various shapes and sizes, nevertheless, there are certain features that
are common to all. All consist of about a pen size cylindrical tube, generally made of a plastic material. The
ion-selective membrane is fixed at one end so that the external solution can only come into contact with
the outer surface. The other end is fitted with a low noise cable or gold plated pin for connection to the
millivolt-measuring device. In some cases the internal connections are completed by a liquid or gel
electrolyte, but there are all-solid-state ion-selective systems (ISFETSs).

lon-selective membranes are currently only available for a limited number of commonly occurring ionic
species.

For measuring cations and anions the most common are:

Cations: Ammonium (NH,4*), Barium (Ba**, Calcium (Ca**), Cadmium (Cd**), Copper (Cu**), Lead (Pb*),
Mercury (Hg*™), Potassium (K*), Sodium (Na*), Silver (Ag*).

Anions: Bromide (Br’), Chloride (CI'), Cyanide (CN), Fluoride (F), lodide (I"), Nitrate (NOs’), Nitrite (NOy),
Perchlorate (ClOs), Sulphide (S), Thiocyanate (SCN).

There are two main types of membrane material. The first type is based on a solid crystal matrix, either a
single crystal or a polycrystalline compressed pellet, and the second type on a plastic or rubber film
impregnated with a complex organic molecule.

The manner in which these different membranes select and transport the particular ions is highly variable
and in many cases highly complex.
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a) Impregnated-PVC-Membrane Electrodes

This type - e.g. Potassium, K* - electrode was one of the earliest developed and simplest examples of the
first type. The membrane is usually in the form of a thin disc of PVC

Unfortunately this type is not 100% selective and can also conduct small numbers of sodium (Na*) and
ammonium (NH,") ions, thus these can cause errors in the potassium determination if they are present in
high concentrations.

b) CrystaHViembrane Electrodes

The typical example of the second type is the Fluoride electrode.

The bulk resistivity of the crystal is reduced. It is 100% selective for F ions and is only interfered with by
OH but this interference can be eliminated by adding a pH buffer to the samples to keep the pH in the
range between 4 to 8 and hence ensure a low OH" concentration in the solutions.

64  Handling lon Selective Electrodes

It is most important that care should be taken to avoid damaging the membrane surface. The glass
electrode is mechanically sensitive, it must be protected from any mechanical damage. Like the pH
electrodes, for the correct operation the glass membrane of the electrodes must be swollen. An initial
acid bath (in 0.1 mol/I KCl solution) and storage in clean water help to keep good condition of the
electrode.

Washing with alcohol and/or gently polishing with fine emery paper can regenerate crystal membranes.
After the regeneration, they may require soaking in a concentrated standard solution for hours before a
stable reading can be re-established.

6.5  Reference electrodes

In order to measure the change in potential difference across the ion-selective membrane as the ionic
concentration changes, it is necessary to include in the circuit a stable reference voltage. The most
common and simplest reference system is the Ag/AgCl single junction reference electrode.

The problem with reference electrodes is that it is necessary to develop a stable voltage. To ensure this,
advanced types of reference electrodes were developed e.g. Double Junction Reference Electrodes,
Liquid Junction Potentials, etc.

66  Combination Electrodes

Combination Electrodes produce simple, compact units for immersing in the test solution and have the
added advantage that the two cells are in a common housing.

The membranes and internal construction of ISEs are generally far more expensive than a simple or
combined pH sensors. It is much more cost-effective to have separate units in which the reference probe
can be replaced independently from the ISE.
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6.7  Advantages

- lon-Selective Electrodes are relatively inexpensive and simple to use and have an wide range of
applications.

- Measuring with IS technigues, we can detect both positive and negative ions.

- The plastic-bodied all-solid-state or gel-filled models are very robus. They are ideal for use in
either field or laboratory environments.

- where interfering ions are not a problem, they can be used very rapidly and easily.

- With careful use, frequent calibration, and an awareness of the limitations, they can achieve
accuracy and precision levels of + 2 or 3% for some ions and thus compare favourably with
analytical techniques, which require far more complex and expensive instrumentation.

- They are unaffected by turbidity.

- ISEs can be used in agueous solutions over a wide temperature range, up to 80 °C.

6.8  Disadvantages

- High concentrations of measured solutions cause a problem.

- Most ISEs will only work effectively over a narrow pH range.

- ISE membranes have cross sensitivity: they are not entirely ion-specific and can permit the
passage of other types of ions also.

- Requires careful handling, use, cleaning, regeneration and frequent calibration.

- No high pressure product or application exists. All of products can operate only below 5-6 bars.

69  Industrial solutions—Purchasable instruments
No high pressure product and application.

A variable gain pH amplifier with reference electrode input can be suitable for ISE applications.

610 CaseStudy

The Research Institute of Applied Earth Sciences developed a small ISE interface for a national competition
project of a freshwater quality monitoring system. Ten devices were manufactured; one device is
continuously operating near the university at Sajo river.

611 Conclusion

The measurement method is potentiometry applied with high input impedance interface amplifier. The
method measures concentration of selected ions directly. There are limitations in applications especially
the environmental conditions (temperature, pressure). Applied sensors require careful electrode handling
and systematic calibrations.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

The method and available equipment can be used as in-situ measuring method considering compromises
respect with accuracy.
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7  SPONTANEOUS POTENTIAL, SELF POTENTIAL

7.1  Theoretical Background

Spontaneous potential (SP) is the naturally occurring electrical potential of the earth resulting from
geologic, geochemical, and hydrologic interactions which cause electric potentials to exist in the earth in
the vicinity of the measurement point. The SP method has been employed in the search for minerals.
Since spontaneous potentials are usually caused by charge separation in clay, they are often measured
down boreholes for formation evaluation in the oil and gas industry, and they can also be measured along
the Earth's surface for mineral exploration or groundwater investigation.

Spontaneous potential is also called “self potential” and it originates from naturally occurring electric
potential difference in the Earth. It can be measured by an electrode pair, and the result is relative to a
fixed reference electrode.

72  Measured parameter

Measured parameters are potential differences. These potentials are measured in millivolts relative to a
"survey base" or reference electrode, where the potential is arbitrarily assigned to be zero volts.
Amplitudes of SP values in mineralized areas range from a few millivolts to one or more volts. The
potentials are always negative above a mineralized body relative to a point outside the mineralization.

The basic equipment required is simple, consisting of a pair of electrodes connected by wire to high input
impedance millivolt meter capable of a reading resolution of 100 pV.

73  Target parameters

Anomalous surface potentials are commonly measured in the vicinity of pyrite (marcasite), chalcopyrite,
pyrrhotite, sphalerite, and graphite.

74  Limitations

There are two restrictions on the electrodes and voltmeter which are most important. They are:
- nospurious potentials can be introduced by the measurement technique,
- thereference or base electrode must be placed outside the system, above the wet layer, and out
of any reducing environment such as a bog or swamp.
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75  Componentsand types of Self Potential

Membrane
Potential

Borehole

Liquid Junction
Potential

Figure 19. Potential between solid layers

The "Electrochemical Potential” (EC) is the sum of Liquid Junction Potential or Diffusion Potential (EJ), and
Membrane Potential (EM).

The "Liquid Junction potential” is established at the direct contact of the mud filtrate and formation water
at the edge of the invaded formation.

E =K; /oglO(aw/amf)

where
Ki-11.6 mVat25°C
aw - formation water ionic activity
ams - mud filtrate ionic activity

Membrane Potential develops when two electrolytes of different ionic concentrations, such as mud and
formation water, are separated by shale.

EM =K log10(au/any)

where
K>=2.3 RT/F, where:
R - ideal gas constant
T - absolute temperature in kelvins
F - Faraday constant
ay - formation water ionic activity
ams - mud filtrate ionic activity
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The total electrochemical potential is thus summarized as

EC=EM + EJ =K log10(aw/amg

76  Applicability in water or any agueous solutions of ion compounds

The same electrodes are dipped into any liquid - whether they are made of metal, precious metal
(platinum) or graphite — named "first kind" conductors (metals). "Second kind" conductors are aqueous
solutions of ion compounds. When a conductor of a first kind submerges into a second kind conductor,
they form an electrode together.

Without power coupling of the electrodes, a chemical change occurs at the interface between the liquid
and solid, the electrons can travel from the metal into the electrolytes (and vice versa). When ions form
or dissolve, the ion charge number changes.

At the contact surface of the electrolytic solution and the immersed metal an equilibrium state is achieved
after a certain time. A potential difference appears between the solution and the metal.
This potential difference is the electrode potential.

Two pieces of metal or carbon electrodes are almost the same. However:
- Due to manufacturing, their sizes are different
- Due to the difference between the positions they occupy in the solution, they also have different
environment (the ion concentrations there).

Thus the potential of one would be a little larger than the other. But these potentials would be formed
with the same direction.

The change in electrical potential follows the direction of the change of ion concentration in the liquid,
where higher concentration changes results in greater voltages. Therefore, if we submerge a pair of
electrodes to greater depths, we would see that larger voltages would obtained.

This measuring method would give information about the change of concentration (direction) only.
There would be one more problem: the question of the extent of electrode potentials.

The absolute value of the electrode potential cannot be determined. In practice a standard electrode
potential was arbitrarily chosen to be zero, and the other electrode potential is measured by comparison.
The Standard Hydrogen Electrode (SHE) was chosen for basis of measurement.

The design of the SHE is quite difficult. It can only be possible to create under laboratory conditions: itis a
compound electrode, wherein the pressure of a hydrogen flow is 0.1 MPa, which is in contact with 1 mol
/ dm?3 H30" ion concentration solution at 25 °C. Finally a platinum electrode submerges into this solution
as electric junction.

The processes taking place in electrodes results in interconversion between chemical energy and electric
energy.

Electrode processes include:
- Formation or neutralization of cations at the anode, for example. Cu <> Cu®* + 2e-
- Formation or neutralization of anions on the cathode 4 OH <> O,+H,0+4¢e"
- Changes in charge of ions on both electrodes: Fe?* <> Fe** + e
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The process is in equilibrium after a certain time, when the same number of ions is generated and broken
up per time unit.

Since the oxidation and reduction occurs at the same time the name of this type of reaction is redox
reaction.

The effect of oxidation or reduction of water can be determined more efficiently by measuring ORP
(Oxidation-Reduction Potential).

Since the charge of ions in solutions facilitates the conduction of electrical current, the conductivity of a
solution is almost always proportional to ion concentration. The relationship between conductivity and
ion concentration is linear if the concentration is quite low.

Therefore the Electric Conductivity (EC) measurement is the method, which can be recommended to get any
information of aqueous solutions of ion compounds.

Classic SP (Spontaneous Potential, Self-potential) measurements would not work if submerged into any
aqueous solutions.

7.7  CaseStudy

We performed SP test measurements of the mineral lake of Rudabdanya, which has high concentration of
ions. The electric conductivity of the water is 3-4 mS/cm.

The test equipment was a DIAPIR-18 SP measurement device.

Measuring the soil SP provided average values and by changing the electrode direction (swapping them)
the polarity of the measured electric potential was altered.

Measuring in the water as the instrument was lowered deeper, larger voltages are obtained. By pulling
the electrode pair back the voltage decreased. Change of direction in the water during the measurement
was not observed.

The value of electric potential depended on the measuring depth e.g. the ion concentration only.

Since none of the electrodes were Standard Hydrogen Electrode (SHE), the measured voltage values were
inadequate. Therefore more information on the ion concentrations could not be established.

78  Advantages of the method

Self-Potential measurement is a very simple, passive analogue measuring method. It requires only two
pieces of metal electrodes (per orientation) and a high input impedance amplifier. Observed potential
values are in mV ranges.

79  Disadvantages of the method

Self-Potential measurement works only in solids e.g. soil, boreholes, earth surface, etc. The reference or
base electrode must be placed outside the system, above the water table, and not in a reducing
environment such as a bog or swamp.

In the UNEXMIN application electrodes should touch the wall and be insulated from the water.
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710 Conclusion

Logging the SP is useful in detecting permeable beds and to estimate formation water salinity and
formation clay content, identifying the path of groundwater flow in the subsurface, or seepage from an
earthen dam. However, classic SP measurements would not work with both electrodes submerged into
any aqueous solutions.

The Electric Conductivity (EC) measurement is better method, which can be recommended to get any
information of agueous solutions of ion compounds, e.g. water total salinity.

Suggested/Suggested with comment /Unsuggested method

Classic SP (Spontaneous Potential, Self-potential) measurements is not recommended to use under water.

UNEXMIN — August 2016 Page: 54



711 References

(1] C. E. Corry, G. T. DeMoully, M. T. Gerety, 1980 Field Procedure Manual For Self-Potential Surveys
Zonge Engineering & Research Organization, Tucson, Arizona

[2] Corwin, R. F., 1990, The self-potential method for environmental and engineering applications
Ward, S. H., editor, Geotechnical and Environmental Geophysics, Volume I: Review and Tutorial,
Society of Exploration Geophysicists, Tulsa, OK

[3] M.Gondouin, M.P.Tixier, G.L.Simard, Journal of Petroleum Technology, February 1957, An
Experimental Study on the Influence of the Chemical Composition of Electrolytes on the SP curve

(4] Guyod, H., Oil Weekly, 1944, Electrical Potentials in Bore Holes

[5] Pirson, S.J., The Oil and Gas Journal, 1947, A Study of the SP Curve

UNEXMIN — August 2016 Page: 55



8  NATURAL GAMMA RAY MEASUREMENTS

81  Theoretical Background

Natural gamma ray surveys can be used in geological, structural investigations and in exploration for the
ores of radioactive metals or minerals.

The method based on the phenomenon of radioactivity. Gamma ray emission is a natural phenomenon.
Radioactive elements, uranium (U), thorium (Th) and potassium (K) naturally emit gamma rays which are
distinctive in both number and energy. Potassic alteration is commonly associated with many types of
volcanic-associated massive-sulfide, base-metal and gold deposits.

When gamma rays collide with atoms, they cause the emission of high energy electrons which collide with
other atoms and liberate many more electrons. This charge is collected, either directly or indirectly to
detect the presence of the gamma ray and measure its energy.

Table 6 shows the mean natural radioelement content of sedimentary rocks.

Rock type Thorium [ppm] Uranium[ppm] Potassium(%]
Evaporite 0.4 0.1 0.1
Carbonate 1.6 1.6 03
Sandstone 5.7 1.9 1.2
Shale 11.2 37 2.7

Table 6. Mean natural radioelement content of sedimentary rocks

Gamma-rays have long half-lengths, which property allows the gamma-rays to penetrate far enough via
the media to be detected by airborne or field work. The interaction of the gamma ray with matter is
detected and the final result is an electrical pulse. Its voltage is proportional to the energy deposited in
the detecting medium.

The gamma-ray activity can be measured in spectral or integral mode. In integral mode the total gamma
ray spectra is measured. In spectral mode the energy spectrum is recorded.

The result depends on the decay series disequilibria, topographical errors, water content and atmospheric
influence during surveying. These factors, not representative of the underlying rock, influence the results.

82  Measured parameter

The ionizing action of the gamma radiation is detected (counts per channel) via an electrical pulse whose
voltage is proportional to the energy deposited in the detected medium. The range of the measurement:
0-2000 cps.

83  Measuringmethod

The most common gamma measuring and logging technigue is the “total gamma” detection. In this case
the whole gamma radiation energy spectrum is registered. Spectral gamma technique detects count rates
within the scintillation system with certain specific energy windows of the gamma radiation spectrum in
order to quantify the amount of the isotopes of Uranium, Potassium and Thorium. This type of
measurement of gamma-ray is useful in identifying the presence of Uranium over Thorium or vice versa.
Filtered gamma records can be used also to detect thin layers of a range of metals (typically lead, copper
or brass or combinations) around the scintillation detection system.
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A complete Gamma Spectroscopy System consists of detector, cooling system (if it is needed), electronics
and analysis software.

The following basic types of gamma ray detectors can been used to measure the radiation. lonization
chambers, Geiger-Mueller detectors, proportional counters (used only in neutron activation
measurements) operate on the general principle of gas ionization caused by incident gamma rays. The
fourth instrument is the scintillation counters that are composed of sodium iodide (Nal) crystals, which
emits a tiny flash of light when struck by a gamma ray. The flash of light is amplified by a photo-multiplier
tube, which in turn generates an electrical pulse, counted by appropriate electronics.

Gas-Filled Detectors have a sensitive volume of gas between two electrodes. The thin inner electrode is
placed at the center of the cylinder. The outer electrode can be found in the cylindrical wall of the gas
pressure vessel.

GAS
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Figure 20. The scheme of a gas-filled detector

The ionization chamber is a gas-filled counter that collects only the primary ionization charge. The
electrical output signal is proportional.

The proportional counter is a type of gaseous ionization detector instrument which works as a
combination of a Geiger—Muiller tube and an ionization chamber. It is a specific application that changes
the gas pressure and/or the operating voltage. The output signal in this case is also proportional. The
energy resolution between Nal scintillation counters and germanium (Ge) solid-state detectors is
intermediate.

Geiger-Mueller (GM) detector - the amount of ionization saturates is not depend on the initial energy
deposited in the gas. The Geiger-Mueller tube gas counter is not suitable identifying different kinds of
particles or their energies. It counts only the number of particles entering the detector.

The proportional counter is used to measure particles of ionizing radiation. It is commonly used in those
cases when only the energy levels of incident radiation need to be investigated. Proportional counters can
detect high energy photons including gamma-rays.

Scintillation Detectors record the gamma-ray-induced light emissions. When gamma rays arrive and
interact with scintillator material the ionized atoms “relax” from the excited state that is produced. Their
energy-level decreases and they emit photons of light that can be detected. The scintillation material
(solid, liquid, or gas) can be organic or inorganic. Organic scintillators can be anthracene, plastics, and
liquids. Inorganic scintillation materials could be sodium iodide (Nal), cesium iodide (CSl), lithium iodide
(Lil) or zinc sulfide (ZnS). Bismuth germanate (BisGes01;) is a new luminescent material.
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Figure 21. Typical arrangement of components in a scintillation detector

The most common scintillation detectors are solid, and made from inorganic crystals (the most favorable
is Nal). This type of detector can be used for spectroscopy and total radiation measurement.

Solid-state detectors collect directly the charge produced by the photon interactions. The sensitive volume
in a semiconductor material is an electronically conditioned region in which liberated electrons and holes
move freely.

Germanium is used as a solid-state proportional counter. The ionization charge appears directly at the
electrodes by the high electric field in the semiconductor and produced by the bias voltage that is
collected.

Earlier the detectors contained lithium-doped germanium [Ge(Li)] as the detection medium, but
nowadays the preferred material is hyperpure germanium (HPGe) crystals. The new n-type HPGe crystals
are less vulnerable to neutron damage.
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Figure 22. Typical arrangement of components in a solid-state detector
Semi-conductor detectors can determine greater spectral details than the previously introduced ones.

These detectors are available with planar and coaxial configurations.
In case of planar configuration the electric field for charge detection is mainly radial with some axial
component in the closed-ended configuration.

The planar detector contains a crystal or circular cross section and sensitive semiconductor detectors.

The germanium solid state detector needs cooling (typically with liquid nitrogen) to reduce natural
electrical noise.

New solid-state detection media are CdTe, Hg12, and GaAs which operate on room-temperature.

Scintillation and solid-state detectors are preferred to be used in spectroscopic studies. Gas counters are
used for neutron detection or total activity measurement.

The final result of detection is an electrical pulse. The voltage is proportional to the energy deposited in
the detecting material.

The pulse can be recorded in digital and analog form. The following Figure 23 shows these two
possibilities:
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Figure 23. Analog and digital recording

8.3.1 Measurementin field

During surface GR spectral measurements the detector is placed on the ground or above the surface (max.
20 cm). Counting time is about 4 min at each station to detect a statistically adequate number of counts.
The total count and the number of counts in each of the windows (potassium, uranium, and thorium) are
recorded at each station. The windows are usually centered on the following photopeaks: 2.26 Mev for
thorium, 1.76 Mev for uranium, and 1.46 Mev for potassium.

Figure 24 shows schematically the method of gamma-ray measurement on the ground with a
portable gamma-ray detector. Gamma-rays penetrate through the rock or air more effectively than alpha
or beta radiation.

Gamma-surveyor |

Sampled disc

0.5m

Exposed rock

Figure 24. Gamma-ray detection with portable gamma detector that is placed on rock surface

The penetrating ability of the gamma-rays makes this method useful for detecting radioelement
concentrations within rock. The gamma rays penetrate up to 0.5 m through rock which makes it possible
to detect the local concentration heterogeneity. Penetration of gamma-rays through air could be up to
several hundreds of metres thus the aerial surveys are recorded 30-300 m above the surface.
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8.3.2 Aerial measurement

When we measure from the air the measured data is from a mixture of bare rock, water courses and peat
cover. Another difficulty is the weather that influences the concentration of uranium, thorium and
potassium at the surface. These issues can be compensated with calibration by testing samples in the
laboratory. The concentrations of specific radioelements is determined. The “K isotope emits photons
with energy of 1.46 MeV. The thorium and uranium are detected via their daughter products, thus these
concentrations are determined as equivalent uranium (eU) and equivalent thorium (eTh).

We make aerial surveys from an airplane or helicopter (Figure 25).

atmospheric radiation
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Figure 25. Gamma-ray measurement in the air

During the data processing several corrections are needed: removing aircraft background radiation,
compensating for atmospheric radon, correcting for cosmic radiation, correcting for higher energy
contributions to lower energy windows by spectral stripping, correcting for altitude. Compton Scattering
affects gamma-rays as they penetrate rock because of the gamma-rays interacting with electrons which
absorb some of the energy from the gamma-ray. When a photon is detected it shows much less energy
than when it was created during decay. These effects can be corrected for in spectral analysis.

At the end the corrected data needs to be converted to ground concentrations.
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8.3.3 Measurement in marine environment

Before field measurement, calibration of the detector (energy, energy resolution and efficiency) is
needed. Furthermore in situ continuous monitoring of radioactivity in the water environment has several
difficulties. For example the continuous work of a photomultiplier tube results in a shift in the measured
spectrum towards lower energies so re-calibration of the detector is regularly needed. Vlachos (2004) [8]
dealt with measuring radioactivity in seawater and proved that a photo peak around 50 keV is always
present in the measured spectrum, thus it can be used for the continuous calibration of the detector.

As an example from Osvath et al. (2001) [3] about the underwater gamma-spectrometer application is
shown on Figure 26 and Figure 27.
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Figure 26. Profiles of gamma-ray survey in the Irish Sea seabed
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Figure 27. Typical 1-min spectrum recorded with the Nal(Tl) detector on the seabed offshore of
Sellafield

Measurements were taken on the seabed at water depths up to 45m along an array of 14 transects (Figure
26) totaling almost 300km (160Nm). During the survey the speed of the ship was between 2.5 and 4 knots
and over 1800 individual 1-min spectra were recorded. The spectrum- logging computer's clock was
synchronized with the ship's radio-clock periodically, and any differences were recorded and the
corrections were applied at the time of data processing as required. The sequence of spectrum recording
and data storage was managed through batch computing. The time interval between two successive
spectrum records was on average 72 s, out of which 60 s were dedicated to spectrum recording and the
remaining time to data storage and spectrometer re-initialization. Additional data back-up operations
were required periodically.

8.34 Measurement in borehole

For borehole measurements a gamma ray sonde is applied which contains the detector that could be
Geiger Muller counters or scintillation counters.

The calibration of gamma probes is needed to produce a depth based profile of uranium ore grade. An
example log can be seen in Figure 28.

Total Gamma Depth K StabSpectrum
I — A
. 0 cps 35.3487
0 AP 1000 1m:100m g Bakg 2500 by, So50
U Spectrum
0 34,7464
0 Balkg 2500 channels 150
Th
0 Bakg 2500

Figure 28. Logging result with gamma ray sonde
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84  Targetparameter

In multichannel analysis the histogram of the detected output pulses is the result that shows the values
sorted by magnitude.

85  Applicability
- Clay/Mudstone Wayboard detection
- Petrophysical parameters

- Delimiting specific geological formations
- Reconnaissance of radiogenic chemical species

86  Advantages of the method

It is a passive method, thus there is no need to apply a radiation source.

87  Disadvantages of the method

Wall contact is preferred. Water influences the result. Several corrections are needed.
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88  Industrial solutions—Purchasable instruments

Several instruments are available in the market, some of them is detailed below as examples.

8.8.1 NP4-2 Gamma-ray Energy Spectrometer

Figure 29. NP4-2 Gamma-ray Energy Spectrometer

Main applications of the NP4-2 Gamma-ray Energy Spectrometer (Figure 29):
- Searching for uranium, thorium and potassium ores;
- Gamma-ray intensity analysis of habitable rooms and building materials;

Features of the spectrometer:
- Large LCD display
- Use rechargeable Ni-MHI batteries as the power source
- High sensitivity, high stability, low noise spectrum
- Photomultiplier Response

Other technical specifications:

- Energy Discriminating window Peak: Potassium (1.46Mev), Uranium (1.76Mev), Thorium
(2.62Mev), total counts (all energy higher than 0.5MeV);

- Content Analysis Sensitivity: Potassium channel (3000~5000 ppm), uranium channel (<2ppm),
thorium channel (<3ppm);

- Instrument Outline Dimension: 290x110x290mm;

- Probe Outline Size: $102x432mm;

- Weight: 5Kg;

- Temperature Range: -10°C~ +60°C.
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8.8.2 FD-908 Portable y Spectrometer

Figure 30. FD-908 Portable y Spectrometer

Main applications of this spectrometer (Figure 30):
- Prospecting of uranium, thorium, potassium, oil, coal and gold and other minerals.
- Radioactive geological mapping
- Radiation environment detection
- Construction materials radioactive environment detection

Main characteristics of the instrument:
- Low power consumption, digital, intelligent, portable, easy to operate
- 2us latency time, digital pulse technology
- High stability, with backlight LCD display, keyboard input, menu operations
- Measuring result: shows counting rate (S-1) or content (Ur)
- Parameters can be set. It can store 2 million groups of measuring data
- Standard RS232 port, dump data can satisfy geological mapping request

Technical parameters:
- Detector: d75mmx75mm sodium iodide crystal
- Energy resolution: <8% (for 137Cs)
- Content measurement range:
- eU : 2~1000x10-6 (Ur)
- eTh : 3~1000x10-6 (Ur)
- eK : 0.5~100x10-2 (%)
- Channel width measurement:
- U : 1.60~1.90 MeV ;
- Th : 2.40~3.0 MeV ;
- K: 1.30~1.60 MeV ;
- > : 0.5~3.00 MeV
- Accuracy accord with the requirement of relative deviation in the verification regulation: eU, eTh
1 E<7% ; eK @ E<12%
- Weight: 3.6kg
- Power Supply: rechargeable 2.4Ah lithium battery, overall power consumption <200 mW
- Environmental conditions: Temperature 0°C + 50°C; relative humidity <90% (+50°C)
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883 FD-3022 microcomputer four channel y Spectrometer

FO022 -

IR AP

Figure 31. FD-3022 microcomputer four channel y Spectrometer

Main features of the instrument (Figure 31):

- 4 channels to count at the same time, and display counting rate of 4 channels by turns, also can display
content of U, Th, K and total amount.

- Do U and Th to Cs to affect revision and enhance signal quality of reference source. - Use micro PC to
seek peak and track spectrum shift automatically, then can stable the spectrum.

- Equipment can deduct background value automatically.

- Counting rate output of 3 channels like U, Th and K is all normalized to the value of 100s, and total
counting rate will be all normalized to the value of 10s.

- Self-stable status will be indicated on table head.

- Have radioactive abnormal noise alarm, which can choose among 15x10-6-200-6 in abnormal alarm
switch according to uranium content in all.

- Set alarm when batteries invalid and probe without signal.

- High sensitivity, portable, light weight, firm and reliable, fit for field work.

Muain parameters of the spectrometer:

- Content sensitivity threshold: uranium: 1*10°, thorium: 2*10°®, Potassium: 0.2%

- Content measuring range: uranium: 1*¥10°~1000*10° , thorium: 2*10°%v1000*10° , Potassium:
0.2%~100% , Total channel: 2*10-6~1000*10°®

Usage environment:

- It can operate normally in the temperature of -10°C~+55° C or temperature +40° C and relative
humidity 95%. Comparing to each channel counting rate in normal climate condition and limit
condition, the relative error is no more than+15%.

- Repetition: under the same measurement condition, if you do continuous 20 times measurement to
the same component, the relative standard deviation is no more than +10%.

- Stability: stable for 8 hours, the relative error is no more than +10%.

- Power and consumption: six 1# batteries, currency is <90mA

- Equipment dimension and weight:

- Operation desk: volume: 220*105*175mm,

- Weight: 2.6kg (batteries not included)

- robe:

- length: 490mm,

- max. diameter: 100mm,

- weight is about 3.0kg
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8.84 Geometrics GR-101 Scintillometer

Figure 32. Geometrics GR-101 Scintillometer

The GR-101A is a rugged, gamma ray scintillometer for uranium prospecting and all total count
gamma ray reconnaissance surveys (Figure 32). It provides high accuracy and stable measurements
of all naturally occurring gamma radiation above 0.05 Mev.

This is older, analogue technology, but works perfectly well for reconnaissance work. The GR101 has
been used for mapping all over the world.

Technical details:
- Large internal 1.5" x 1.5" Nal(Tl) crystal.
- Audio alarm triggered at selectable setting.
- Hands-free, eyes-free operation while carried in belt pouch.
- Full-view, 250 degree rate meter calibrated directly in cps.
- Wide dynamic range, switch selectable from 100 to 10,000 cps full scale

UNEXMIN — August 2016 Page: 67



8.8.5 Nal(Tl) Gamma spectrometer for iPhone\iPad\Android AtomSpectra 3

The detector is also can

Figure 34. Nal(Tl) Gamma spectrometer in use

The scintillation detector assembly consists of 16*40 mm (0.63”*1.57”) Nal(Tl) monocrystal, micro
photomultiplier tube, low-noise regulated adjustable power supply, low-noise preamplifier and Li-
ion battery with protection and charging circuits.

16*40 mm Nal(Tl) detector is effective for gamma-spectrometry in more than 20 Kev — 1.5 Mev
energy range. Typical energy resolution is 8% for 662 Kev peak of Cs137 source. Light output of
Nal(Tl) crystals depends on temperature, so after temperature change calibration is recommended.
It is not recommended to change temperature of the detector faster than 1°C\minute.

Scintillation crystal is optically matched with 8-stage spectrometric photomultiplier tube.
16*40mm Nal(Tl) scintillation detectors have very high sensitivity: around 11 000 pulses per minute
to microsievert per hour. It is normal that in typical gamma radiation background (0.1 uSv/h) you
will see 16-20 counts per second, or 1000 — 1200 counts per minute. ADC sampling rate is most
devices is limited to 48000 Hz, so more than 1000 counts per second load is not recommended.
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8.8.6 IH-99DNC dose rate meter for high dose rate measurement

’
7z
%

o

Figure 35. IH-99DNC Dosimeter

This dosimeter (Fig. 35) has been selected to be built into the autonomous robot.

The instrument is a nuclear radiation measuring device with two operational modes. It operates as
a gamma radiation dose and dose rate meter.

Features of this instrument:
- Detector: energy-compensated GM-tube.
- Effective gamma dose-rate measurement range:
- Range: 1uGy/h ... 1Gy/h
- Indication range: 20nGy/h ... 100 Gy/h
- Energy range: 60keV...1,5Mev
- Measurement time: 2s ... 4min, automatic
- Power supply: 12 V, max. 25mA
- Temperature range: -30 ... + 50°C
- Communication: RS-485
- B-radiosensitivity: 0.3%
- Energy dependency: +/-20%
- Contingency: The instrument cannot be damaged till 100 Gy/h

89 Case Study

We have made laboratory studies to test the applicability of the method in an underwater environment.
The following steps summarized the research:

- minerals with higher gamma ray activity were selected with the Geiger Muller counter from the
Department of Mineralogy. These minerals were juxtaposed in a 50cm*50 cm square on the
laboratory table then the instrument was placed in the middle of the set of the selected minerals
without any shade.

- Aplastic PP pail was placed in the middle of the set of minerals of the 1st measurement then the
distance of the GF Instrument Gamma Surveyor instrument was changed compared to the
bottom of the pail.
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- Aplastic PP pail was placed over the set of the minerals of the 1st measurement. It was filled with
30-20-10 cm tap water the measurement was performed by touching the water surface with GF
Instrument Gamma Surveyor scintillation detector.

- Twominerals from the set were selected with extremely high radioactivity. They were placed into
a 8 cm thick leaden cylinder. The bottom of the cylinder was also closed so the emitted gamma
photons could leave the minerals only upwards. At first we had measured the emission without
shade, then we cover the minerals with a small sized PP plastic pail and measured the natural
gamma ray activity over the opened-end of the leaden cylinder.

- The measurement was carried out according to the parameters of the 4th measurement
supplemented with a big sized pail filled with 30-20-10 cm tap water.

|Il

Figures 36-Figure 38 show the concentration of the isotopes along the distance of the “wal
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Figure 39. Signal strength in the function of the distance from the wall

The sensitivity decreases quickly with increasing thickness of water . As a result of our analyses, we
measured % signal absorption in every 10 cm of water (Figure 39). It has two effects:
- measurements can only be performed close to the wall. According to the results detection from
30 cm is poor. The precise distance depends on ore concentration, water chemistry and the
detector casing solution.
- The K does not have enough natural radiogenic isotope to able to detect the signal of even the
most potassic-rich natural stone farther than a few cm under water. Only Th and U can be
effectively in sufficient concentration to be successfully detected.
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810 Condusion

The method is useful for detecting radioactive ores and distinguishing them from the environment. The
laboratory tests show that K isotope detection decreases quickly in water, due to its low radiogenic
isotopic ratio (intensity), we advise to use only the integral gamma ray spectrometry in the first trials and
we suggest using this method in Urgeiriga. According to the calculations, the method will only be sensitive
to the Th and U content of the rock. We do not advise to use this method to detect fractured zones filled
with clay in non-radioactive rock, potassic-altered zones or reconnaissance of radiogenic chemical species
in underwater environment far from the mine wall.

Suggested/Suggested with comment (wall contact gives better results)/Unsuggested method
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9  HYPER/MULTISPECTRAL IMAGING

91  Theoretical background

Hyperspectral or multispectral imaging combines digital image processing and spectroscopy. The purpose
of the method is to find objects, identify materials or detect processes by obtaining the spectrum for each
pixel in the image of the scene.

The human vision sees the colour of visible light in three bands (red, green and blue). Spectral imaging
divides the spectrum into many more bands and the processed spectrum can be extended beyond visible
light, to the ultraviolet and infrared wavelength range.

Wwall Image plane
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Figure 40. Hyper/Multispectral imaging system

Traditional hyperspectral cameras are based on the method shown in Figure 40. It is possible to build
more energy efficient device, which is more robust and less expensive based on the method shown in Fig.
41. A very important advantage of the LED method, it can easily be performed from 2D areas, till the first
method allows only line imaging with pixel thickness. The principle of the operation is to illuminate the
surface with different monochromatic light sources (LEDs) from 400 nm to 1000 nm (one wavelength at
a time) and to detect the reflection with a monochrome image sensor. Since we know the wavelength
(because there is only one at a time) we only have to detect the brightness. Because this method detects
a single wavelength on the image the pixels can be larger which produces better sensitivity.
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Figure 41. Hyper/Multispectral imaging system with monochrome camera
92  Measured parameter

With the hyperspectral imaging system we get spectral images of the wall in the 400nm - 1000nm (visible
+ near infrared) spectral range. With appropriately selected frame size and frame rate - depending on the
travelling speed - we can map the whole mine wall at about 1-5 mm resolution.

93 Am

By using hyperspectral image analysis we can detect minerals on the mine walls. Collating the
hyperspectral data with spectral mineral databases [1], [2] we can map the mineral content of the entire
mine wall. The development of a robust method for automatic analysis and database search is required.
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Figure 42. Spectral diagrams of minerals from USGS Digital Spectral Library
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94  Hyper/Multispectral cameratype

Traditional hyperspectral cameras are large (more than 300 mm in length) and heavy (3-5 kg or more)
because of the complex optical system. In our application size is a critical parameter so we need the most
compact camera available.

Over the last few years IMEC, a Belgian research institute, has developed a process to integrate the optic
system with the surface of the CMOS image sensor (Figure 43). This technique allows them to build a very
compact camera without moving parts or an easily damaged optical system. This type of cameras has a
drawback: the 2D image is divided to lines and columns, the columns are the spatial dimension and the
lines are the spectral. That is, we can see spectral distribution of different lines of the image plane (Figure
43) which means we need accurate synchronization between movement of the explorer and the imaging
system.

Figure 43. Linescan hyperspectral sensor

A possible solution is to develop a special camera which fulfils our needs. The team of the Dept. of Atomic
Physics, Budapest University of Technology and Economics, has a concept (as shown in Figures 40 and
41), which seems suitable for our application because it integrates the optics, the camera and the lighting
system.

Figure 44. Traditional HSI camera (a) versus Imec’s solution (b): a) Focusing objective - Slit -
Collimator - Dispersive element - Focusing lens — Detector; b) Spectral filter integrated to the
CMOS image sensor
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95  Spectral range considerations

HSI cameras are available with a spectral range from 250 nm to tens of micrometers. In our application
the most important region is the 400 nm to 3000 (or even 10000) nm wavelengths, which means the
visible (400-700 nm) through to near infrared (NIR, 700-1400 nm), shortwave infrared (SWIR, 1400-3000
nm) to the mid wavelength infrared (MWIR, 3-8 um). The importance of, and limitations on, spectral
regions are listed here:

- Ultraviolet (10 to 400 nm): According to mineral spectral databases (USGS, ASTER) the UV range

is not so important. Few available cameras can handle this range, thus we need a separate device
to sense this. The available UV-capable camera (Headwall Hyperspec-UV, 250-500 nm) is large

and expensive. In addition, it needs a special lighting solution. On the other hand, there is a
phenomenon called photoluminescence, which means some minerals emit visible light under
ultraviolet lighting. As well as hyperspectral imaging we can use standard digital cameras built to
the front of the robot to detect photoluminescence of the mine wall. By analysing the colour
images we can detect some minerals which are known to produce photoluminescence [4].

- Visible (400-700 nm): important range and most of the cameras can sense this. Lighting is simple.

- Near infrared (NIR, 750-1400 nm): important, most of the cameras can sense this. Lighting is not
difficult, but water absorption is a problem.

- Infrared (SWIR-MWIR, 1400-8000 nm): important range, but we cannot use it. Lighting is easy, but
needs infrared radiation which uses a lot of power. Sensing the IR range above 1500 nm needs
MCD (HgCdTe) sensor element and those types of sensors need cooling. The operating
temperature of IR imaging MCT sensors is below 150 K. In our application this cooling is
impossible because of the limited power source and we cannot deal with the heat inside the
underwater explorer.

96  Problem with underwaterinfrared imaging

The light absorption of water is an important limiting factor. We have to do the imaging through 10-50
centimetres (or even more) of water, and the water absorbs almost everything except visible light as can
be seen on Figure 45. According to preliminary calculations, we can sense the range where absorption
coefficient is below 0.01 cm?, this means, approximately, in the 200-750 nm range. Detecting reflected
infrared light needs very powerful lighting and cooling system, which, again, is not possible in our project
because of the limited power source.
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Figure 45. Absorption coefficient of water according to wavelength [3]

97  Advantagesof the method

We can map the whole mine wall on spectral images with reasonably high resolution so, assuming all
scanned material has a recognizable “spectral fingerprint” in the above mentioned spectral range, we can
detect even the smallest traces of minerals.

98  Disadvantages of the method

- Theimaging system is expensive

- The necessary lighting system is expensive, needs a lot of power and we have to take care not to
interfere with other instruments (cameras, optical measurement equipment)

- Wecannot see the surface of the wall if it is covered with sediment, therefore cleaning or grinding
might be needed (but it’s not impossible)

99  Industrial solutions— Purchasable instruments

Table 7 shows the parameters of suitable HSI cameras available on the market. All cameras are linescan
models with VIS, VISNIR or NIR spectral range. According to the circumstances above, VIS range (400-700
nm) is required, thus we have two contenders: The Ximea xiSpec VISNIR and the BaySpec OCI-F models.
The price of the OCI-F is lower, but it's a bit limited on both spatial and spectral resolution. Prices are
shown without VAT, other taxes and S&H costs and without lenses. The cost of lenses, cables and other
accessories are about 2000 EUR.

The Ximea xiSpec VISNIR model can sense the spectral range our project needs, has suitable spatial (2048
pixel) and spectral (150 bands) resolution. In addition, the xiSpec is the software compatibility lists for:
OpenCV, DirectShow, GeniCam GenTL, MathWorks Matlab, NI LabView, Matrox MIL, etc.
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Manufacturer Ximea Ximea Photonfocus BaySpec Headwall
MQO22HG-IM- MQO22HG-IM- | MV1-D2048*1088-
Type LS100-NIR LS150-VISNIR HS1 OCI-F Hyperspec
Sensor type Linescan
Spect. range (nm) 600-975 450-960 600-1000 400-1000 250-500
Spatial resolution 2048 2048 800 1392
Spectral resolution | 100+ bands 150+ bands 100 bands 60 bands 961 bands
Interface usB3 USB3 GigkE USB3 USB2
Dimensions (mm)* |  26*26*31 26*26*31 55%55%52 110*70*30 ?(3.2kg)
Price 12500 EUR 16500 EUR 8873 EUR (?) 15980 USD ?

910 Condusion

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

Table 7. Available HSI cameras on the market

The method is definitely suggested, but accurate consideration of the equipment to be used and system
design is needed. The solution shown in Figure 41 is small, robust and simple and so we plan to perform
the measurement using this method.
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10 INDUCED POLARIZATION (IP)

101 Theoretical Background

IP is a geophysical technique used to identify mainly the electrical chargeability of subsurface materials.
Induced polarization is well known as an effective geophysical method in ore prospecting. Among
geoelectric methods, the Induced Polarization (IP) method vields excellent results [1], [3]. However, the
metal content in an observed sample is not the only factor resulting in polarizability of the medium:
filtration- and membrane effects as well as electrochemical (redox) properties can also lead to similar
responses. Induced Polarization is a very useful geophysical method also in the detection and
characterization of environmental hot-spots, particularly to detect waste sites.

The RCl (resistive, capacitive and inductive) model can be used to describe the electrical and
electromagnetic properties of materials (solid, liquid and gas). We must take resistive (R), capacitive (C)
and inductive (I) components into the model, where R is the resistance in ohms, C is the capacitance and
| is the inductance of the material. We get the so-called ohmic model, if the capacitive and inductive
components have been eliminated. The ohmic model is unsuitable to describe the phenomena of
capacitance and inductance in the soil. This model is good only for model characterization using ohmic
resistivity. However in the heterogeneous and anisotropic media, the boundaries are filled (capacitive
effect) and the inductive effects can occur too. Describing these effects are suitable only for the RCI
models. In case of RCI models electrical resistivity of polarized media will be frequency-dependent. This is
the basic phenomenon of frequency-domain IP. The time-domain basic phenomena is that the media are
charging up gradually in time due to field current and a quasi-exponential decay curve can be measured
between the potential electrodes after turning off the current.

The TAU-transform method was introduced by Turai [4], [5] for the interpretation of IP curves. This
method was applied first near Offheim in a TEMPUS project [6] and it was demonstrated several times
successfully above contaminated areas in Hungary [8], [9], [10].

102  Measured parametres

This chapter summarizes the main static and dynamic parametres in both the time domain and the
frequency domain. The static parametres are measured at fixed frequencies (frequency domain) or at
fixed reference times (time domain). The dynamic parametres are measured in a large frequency range
(frequency domain) at many frequencies or in a large time interval (time domain) at many time reference
points.
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103  InFrequency Domain
10.3.1 Static parametres

Percent frequency effect

PFE = pa( fl)_pa( f2 )100 [%]’
pa( fZ)

where
f1 -the first frequency (usually 0,5 Hz),
f> -the second frequency (between 1 Hz and 10 Hz),
Palf1) -apparent resistivity measured at first frequency,
palf) -apparent resistivity measured at second frequency.

IP phase parametre

f2¢)U,|( f,)- f1¢u,|( f,)

PIP = ,
fz_ fl

where

@us (f1) -phase shift between the voltage and the current measured at the first frequency,
@us (f2) -phase shift between the voltage and the current measured at the second frequency.

Metal factor in frequency domain

PFE

FDMF =k ,
pdc

where
PFE -percent frequency effect,
Pdc -direct current resistivity,
=2r110° -mineralization constant.

10.3.2 Dynamic parametre
Cole-Cole spectrum

p(T)=Relp,(T)]+]jImlp,(T)]
where

j-the imaginary unit (j = v—1),
Relpd(f)] -real part of the measured frequency-dependent apparent resistivity,

Im[pa(f)] -imaginary part of the measured frequency-dependent apparent resistivity.
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104  InTime Domain
10.4.1 Static parametres

Apparent polarizability

t
= ——MNA T 900[%],
AU, (TG)

where
t- an arbitrary fixed time reference point of the decay curve,
AUmn(t) -the electrical potential difference at the time reference point (t) after turning off the field
current measured between M and N electrodes,
AUmnN(TG) -the electrical potential difference before turning off the field current measured
between M and N electrodes.

Apparent chargeability
t
[4u, (1)t
—h
~ AU, ((TG)
where

t; - the first time reference point of decay curve,
t; -the second time reference point of decay curve,

Apparent chargeability M defined as the area beneath the decay curve over a certain time interval (t;-t,)
normalized by the potential difference AUvn(TG).

Metal factor in time domain

TOMF =k (1)
Pc

where
nq(t) -the apparent polarizability value,
Pdc -direct current resistivity,
k=2rt10° -mineralization constant.

10.4.2 Dynamic parametres

Time constant spectrum

n()=]w(e)e dr,

where
t-the independent time variable of the decay curve,
T -the time constant,
Na(t) -the measured IP decay curve,
w(T) -the time constant spectrum.
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Weighted Amplitude Value (WAV)

WAV (7)=7-w(7),

where
T - the time constant,
w(T) -the time constant spectrum.

We can raise the effect of higher time-constants of the waste site (connected with harmful components
- chemical and metallic) and similarly we can reduce the lower time-constant effect (no dangerous
components - water and dispersed clay) using a simple weighting procedure [7] multiplying the amplitude
value of the time constant spectra by the time constant. The main components of the material in a
contaminated site are connected to the main types of polarizations (see in Table 8.).

Polarization type Source of polarization
filtration porous soil and rocks with conductive fluid
membrane porous soil and rocks with dispersed clay and water
electrochemical or chemical agent with high reactivity for oxidation or
redox reduction
) metallic components in porous rocks with conductive

metallic .

fluid

poorly conducting or non-conductive materials
. ) (dispersed  plastic materials, aromatic dispersed
dielectric

hydrocarbons, electrically non-conductive organic
materials) in porous rocks with conductive fluid

Table 8. Environmental reason of polarization
Based on the WAV maps or sections the grade of ores and contamination can be given:

- very high grade of ores or contamination- WAV is higher than 0.2 (20%),

- high grade of ores or contamination - WAV is between 0.1 (10%) and 0.2 (20%),

- medium grade of ores or contamination - WAV is between 0.05 (5%) and 0.1 (10%),
- low grade of ores or contamination- WAV is between 0.02 (2%) and 0.05 (5%),

- no mineralization or contamination- WAV is lower than 0.02 (2%).

Corrected apparent conductivity of the media

O-corr(z-): O, 'W(T)'

where
T - the time constant,
0, -the apparent direct current conductivity,
w(T) -the time constant spectrum.

Contamination level of soil can be estimated using the corrected apparent conductivity parametre for
estimation (Turai, 2012a). If the o value is approximately 50-100 milliSiemens/metre (mS/m) the soil
has a medium ion contamination or medium polarizable ore concentration.
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105 Measuringmethod

The capacitive and inductive properties of the ground cause both the transient decay of a residual voltage
and the variation of apparent resistivity as a function of frequency. The IP effects are representations of
the same phenomenon in time and frequency domains. These two manifestations of the capacitive and
inductive properties of the ground provide two different survey methods for the investigations of the
effect (Kearey et al, 2002).

The measurement of a decaying voltage curve over a certain time interval is known as time domain IP
surveying. Measurement of apparent resistivity at two or more low AC frequencies is known as frequency
domain IP surveying.

106 Aimedparametre

Using both static and dynamic IP parameters in both time and frequency domains we can calculate IP
parameter profiles and maps. These profiles and maps will show us the areas containing metal ore bodies
or enrichments of some contaminant(s) in ionic form.

10.7  Applicability
108 Advantages of the method

IP methods are suitable for surveying metallic ore minerals (pyrite, chalcopyrite, magnetite, etc.) clay
content determination of the rocks and for solving environmental problems, ground and water base
contamination detection and characterization because of the metallicc, membrane and redox
polarizations.

109 Disadvantages of the method

The main disadvantages of this method are its very high sensitivity to electric and electromagnetic noise
and the relatively long measuring time. Specifically, so-called non-polarized electrodes should be used for
measurements especially in the time domain.
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10.10 Industrial solutions— Purchasable instruments

Several types of IP instruments are available. IRIS time domain IP instruments are listed below with their
details.

10.10.1 SYSCAL Junior (2 channels - 100 W resistivity meter) [19]

Figure 46. SYSCAL Junior Ro&IP instrument

Main features

- Compact

- Measurement of electrical resistivity & chargeability (IP)
- 2 simultaneous reception channels

- Outputs : 400 V—-100 W —-1.25A.

Outstanding features

- Microprocessor controlled measurement of electrical resistivity and chargeability

- LCD display with 4 lines of 20 characters

- Display of voltage, intensity, SP, standard deviation

- Computation of resistivity for most electrode arrays: Schlumberger, Wenner, Gradient, Dipole-Dipole,
Pole-Dipole, Pole-Pole...

- Internal memory for more than 44 800 readings, and data transfer to PC through USB or serial link

- Capability to drive automatic multi-electrode switching system (Switch Plus and Switch Pro).

Output current specification

- Intensity up to 1250 mA

- Voltage up to 400V (800V peak to peak)

- Power up to 100 W

- Selectable cycle time of 0.25,0.5, 1, 2, 4 or 8s and Current measurement precision: 0,5% typical.

Input voltage specification

- 2 simultaneous reception channels

- Measuring process: automatic ranging and calibration

- Input impedance : 100 MQ

- Input voltage protection up to 1000V, range from —15V to +15 V

- Rejection filters for 50 Hz and 60 Hz

- Voltage measurement precision: 0.5% typical

- Noise reduction: continuous stacking selectable from 1 to 255 stacks.
- SP compensation through linear drift correction
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- Resistivity accuracy: 0,5% typical
- Induced polarization (chargeability) measurement over 20 predefined windows
- Chargeability a.: 1% of measured value for input voltage higher than 10 mV.

Accuracy and reliability

- Noise monitoring before injection

- SP compensation including linear drift

- Digital stacking for noise reduction

- Standard deviation computation

- Weather proof

- Wide operational temperature range from -20°C to +70°C
- Shock resistant fibre-glass case.

General specifications

- Dimensions :31x21x21cm

- Weight: 10 kg

- Operating temperature : -20 to +70 °C

- Data flash memory : more than 44 800 readings

- USB and serial link RS-232 for data download

- Possibility of data storage on external SD card: 7 000 000 readings (option)

- Power supply: internal rechargeable 12V, 7 Ah battery or external 12V car battery

- Autonomy with internal battery: more than 6000 readings at 20 mA output current and 10 kQ
electrode resistance with 10 seconds injection time for each reading

- Emergency push button for security.
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10.10.2 SYSCALR1 Plus (2 channels - 200 W resistivity metre) [20]

Figure 47. SYSCAL R1 Plus Ro&IP instrument

Main features

- Compact

- Measurement of electrical resistivity & chargeability (IP)
- 2 simultaneous reception channels

- Outputs : 600V/1200Vp-p-200W-2.5A.

Outstanding features

- Power source, transmitter and receiver in a single unit

- Fully automatic measurement controlled by a micro-processor: automatic self-potential correction,
automatic ranging, digital stacking, error display in case of procedure troubles

- Display of noise level before measurement

- Measurement and display of ground resistance, current, voltage, self-potential and standard
deviation

- Computation of the apparent resistivity for the various electrode arrays: Schlumberger & Wenner
(sounding or profiling), Dipole-Dipole, Gradient...

- Measurement and display of the chargeability (IP) through up to 20 predefined windows

- Multi-electrode mode for use with the automatic switching system

- Storage of data in the internal memory (44 800 readings)

- Possibility of data storage on external SD card: 7 000 000 readings (option)

- Communication port for serial or USB data transfer

- Emergency Push button for security

Transmitter specifications

- Maximum output power: 200 W

- Automatic fitting of the current and voltage output values: Maximum output voltage: 600V/1200Vp-
p

- Maximum output current: 2500 mA

- Output current specifications

- Resolution: 10 pA

- Accuracy: Standard 0.3%

- Max 1% from —20°C to 70°C

- Waveforms: choice of [ON+, ON-] or [ON+, OFF, ON-, OFF] (for IP measurements), with a selectable
pulse duration (0.25,0.5, 1, 2, 4 or 8s).

Receiver specifications

- 2 simultaneous reception channels
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- Input impedance: 100 MQ

- Input overvoltage protection

- Input voltage range: -15Vto +15V

- Automatic SP bucking (+ 10 V) with linear drift correction

- 50/60 Hz power line rejection

- Voltage measurement specifications:

Resolution: 1 pV after stacking

Accuracy: Standard 0.3%

Max 1% from —20°C to 70°C

- Continuous digital stacking up to 255 stacks

- Chargeability accuracy: 1% of value for input voltage higher than 10 mV value for input voltage
higher than 10 mV.

o O O

Accuracy and reliability
- Noise monitoring before injection
- SP compensation including linear drift
- Digital stacking for noise reduction
- 1V resolution after stacking
- Standard deviation computation
- Weather proof
- Wide operational temperature range from —20°Cto +70°C
- Shock resistant fibre-glass case.

General specifications
- LCD display with 4 lines of 20 characters
- Power supply (battery):
- Internal 12 V / 7.2 Ah rechargeable, External 12 V
- Operating temperature range: -20°C to 70°C
- Storage temperature: -40°C to 80°C
- Dimensions: 31x21x31 cm
- Weight: 11 kg (including battery).
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10.10.3 SYSCAL R2 (Resistivity and IP system for sounding and profiling) [21]

O O O O

Figure 48. SYSCAL R2 Ro&IP instrument

Main features
Powerful system
800V—-25A

Easy to use / Accurate.

Outstanding features

Powerful: The SYSCAL R2 uses an external DC source for energizing the ground (800 V maximum
output voltage):

250 W DC/DC converter supplied by a 12V battery

1200 W AC/DC converter supplied by a standard motor generator

Automatic: The SYSCAL R2 is controlled by a microprocessor for:

automatic Self-Potential compensation

automatic gain ranging for both current and voltage measurements

automatic digital stacking to enhance the signal-to-noise ratio and to optimize the acquisition time.
Easy to use: The SYSCAL R2 computes and displays the apparent resistivity automatically for the
most common electrode arrays (Schlumberger and Wenner sounding and profiling — gradient —
dipole-dipole ...)

Induced Polarization measurement: The SYSCAL R2 measures and displays the apparent
chargeability (Induced Polarization parameter) trough up to four chargeability programmable
windows. Its Inducted Polarization parameter completes the information given by the classical DC
electrical parameter.

Transmitter specifications

Maximum output voltage: 800 V (1600 V peak to peak)

Maximum output current 2.5 A supplied by an external DC source (DC/DC or AC/DC converter).
Output current specifications:

Resolution: 10 pA

Accuracy: standard 0,3 % - max. 1% from - 20°C to+70

Output current waveform:

Frequency domain [ON+, ON-] for resistivity.

Time domain [ON+, OFF, ON-, OFF] for resistivity and chargeability.

Pulse duration (ON time) programmable from 0.25 to 10 s, with preset values of 0.5s-1sor 2 s.
Thermal circuit breaker for overheating protection.

Receiver specifications
Input impedance: 10 Mohms min.
Input over voltage protection.
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- Input voltage range:
o Standard:-5Vto+5V
o  With a Multi-electrode system: -10 V to +10V
- Automatic SP bucking
- 50Hz and 60 Hz power line rejection.
- Ground resistance measurement: from 0.1 to 1000 kQ.
- Voltage measurement specifications:
o Resolution: 1 pV after stacking.
o Accuracy: standard 0,3 % - max. 1 % from - 20°C to +70°C.
- Chargeability measurement specifications:
o Resolution: 0.1 mV/V.
o Accuracy: 1 % of displayed value for a voltage greater than 10 mV.
- Continuous digital stacking up to 250 stacks.

Accuracy and reliability

- Anoise monitoring system for pre-injection control, consisting of a DC digital voltmetre function.

- A line check/ground resistance measurement which permits to check that the electrodes are
properly connected to the resistivity-meter.

- Alow-pass analog filter, which reduces the effect of higher frequency natural and cultural noises
(50-60 Hz).

- Aresolution after stacking of 1uV allowing to measure some low-amplitude signals; the standard
deviation is displayed to give an indication of the noise level during the measurement.

- high-latitude cold countries

- dusty and hot desert areas

- high-humidity tropical forests

- Its field-conditioning specifications include:

- Ashock and vibration resistant fibre-glass case.

- Alarge operating temperature range (-20°C to +70°C).

- Aweather-proof design for operation up to 100% humidity.

General specifications

- LCDdisplay of 2 lines of 20 characters.

- Weather-resistant case.

- Dimensions: 31 x21x21cm.

- Weight: 6 kg including dry cells.

- Power supply:

o Internal six 1.5 V D size dry cells (over 300 hours operation autonomy at 20°C) and External DC
source for ground energization (DC/DC or AC/DC converter).

- Operating temperature range: -20°C to +70°C (-40°C to +70°C in option).

- Storage temperature: -40°C to +80°C.
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10.10.4 SYSCAL Pro (10 channels - 250W resistivity metre) [22]

Figure 49. SYSCAL Pro Ro&lIP instrument

Main features
- Ten simultaneous channels: for high speed data acquisition, up to 1 000 rdgs/mn
- Upto800-1000v, 2.5a outputs: for penetration & data quality
- Automatic switching capability: for 24, 48, 72, 96, 120, up to 1 300 electrodes
- Resistivity & induced polarization: twenty ip chargeability windows

Outstanding features

- The SYSCAL Pro Switch is a versatile electrical resistivitymetre which combines a transmitter, a
receiver and a switching unit in one single casing. It is supplied by a 12V battery.

- The measurements are carried out automatically (output voltage, stacking number, quality factor)
after selection of limit values by the operator, and are stored in the internal memory.

- The output specifications are 800V (1 600V peak-to-peak) in switch mode, 1000V (2 000V peak-to-
peak) in manual mode, 2.5A, and 250W with the internal converter and a 12V battery.

- The SYSCAL Pro Switch uses multi-core cables for controlling a set of electrodes connected in a line
orin several lines. The standard number of electrodes: 24, 48, 72, 96, 120, can be increased through
Switch Pro units for 2D or 3D ground images.

- The ten channels of the system permit to carry out up to 10 readings at the same time for a high
efficiency.

- The Induced Polarisation chargeability (IP) is also measured through 20 windows for a detailed
analysis of the decaying curves displayed on the graphic LCD screen.

- The SYSCAL Pro Switch unit can be operated with cables in boreholes, or cables pulled on the ground
by a vehicle or on the surface of the water by a boat for continuous acquisition surveys.

- The SYSCAL can be used for time lapse readings (monitoring)

Transmitter specifications

- Max voltage: 800V in switch mode

- Maxvoltage: 1 000V in manual mode

- Maxcurrent: 2.5A, typ. accuracy 0.2%

- Max power : 250W with internal DC/DC converter and 12V external battery; 1200W with external
AC/DC and Motor Gene.

- Option 25mA max for readings on samples

- Pulse duration: 0.2s, 0.5s, 1s, 2s, 4s, 8s

- Internal 12V, 7Ah battery, plug for ext. batt.

Receiver specifications
- Automatic ranging, 10 input channels
- Inputimpedance: 100 Mohm
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- Maxvoltage channel 1: 15V

- Max voltage sum of channel 2 to 10: 15V

- Protection up to 1 000V

- Typaccuracy: 0.2%, resolution: 1 microV

- Digital rejection better than 120 db at power lines 50 and 60 Hz
- Stacking process, SP linear drift correction

- Reading of current, voltage, standard dev.,

- 201IP windows (preset or selectable).

General specifications
- Memory: 40 000 readings USB & SD card link
- GPSinput for coordinates
- Fibre glass casing, weather proof
- Temperature range: -20 to +70°C
- SYSCAL Pro Switch 48: 31x23x36cm,
- Weight: 13kg, Cable w/ 24 take-out: 23kg.

10.10.5 SYSCAL Pro Deep Marine (10/20 channels - 2500W resistivity metre) [23]

Figure 50. SYSCAL Pro Deep Marine Ro&IP instrument

Muain features for salt water environment

- 13 graphite floating nodes (A—B —P1... P11) - 4 metres spaced

- GPS input on the Syscal Pro for an accurate location of the profile

- Array type: Reciprocal Wenner array (AB at the centre and MN apart from AB)

- Data acquisition speed: 10 resistivity data points each 2 s (minimum time required by GPS)

- Boat speed during acquisition: 3-4 km/h

- About 3000 data points acquired in the section below

- Vab =50V -lab = 2.5 A= Grounding resistance = 20 Q

- Water resistivity given by a conductivity-metre: 0.20 Om (good correlation with the resistivity
computed with the first reception dipole)

- Water layer thickness: between 1 and 3 metres
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10.10.6 SYSCAL Junior Switch 72 (2 channels - 100 W resistivity metre 72 electrodes string) [24]

Multi-core cable #1 & #2 | | Multi-core cable #3 & #4

(36 electrodes takeout) (36 electrodes takeout)

Preset arrays (Wenner, Dipole...) or customized arrays are uploaded
through the user-friendly ELECTRE PRO PC software. The roll-along
capability 1s also implemented.

Multi-core cable Multi-core cable
#1 &#2 Multi-core cable #3 & #4 #1 & #2
1 18 19 36 37 54 55 72
1 o o | [0
18 19 36 37 54 55 72
>

Figure 51. SYSCAL Junior Switch 72 Ro&IP System

Main features
- Compact, easy to use
- Automatic ranging
- Automatic switching
- 2 measuring channels
- Outputs: 400 V- 100 W-1.25 A

Outstanding features

- Aim: imaging the underground geological structures through surface electrical measurements

- Principle: transmitting a current | through two electrodes and measuring a voltage V with two other
electrodes

- Apparent resistivity: p = K*V/I, K depending on the chosen electrode array and the electrode
separation

- Resistivity and IP pseudo-section: contoured plot of the apparent resistivity data, using the electrode
distance as a pseudo-depth parameter

- True resistivity and IP section: contoured plot of the resistivity distribution obtained through the
inversion of the measured data (using a nonlinear parameter fitting scheme)

- Applications: environmental studies, groundwater investigation, civil engineering, archaeology.

General specifications

- Weight: 13.8 kg

- Dimensions: 31 x 23 x 38 cm

- Weather proof

- Shock resistant fibre-glass case

- Operating temperature: -20 to +70 °C

- LCD display with 4 lines of 20 characters

- Data flash memory : more than 44 800 readings

- USB and serial link RS-232 for data download, possibility of data storage on external SD card with a
capacity of 7 000 000 readings (option)

- Power supply: two internal rechargeable 12V / 7.2 Ah batteries ; optional external 12V backup car
battery for transmitter power

- Autonomy with internal battery: several thousands of readings

- Weight of a 18 takeout multi-core cable on a reel: about 15 kg (for 5m spacing)

- Emergency push button for security
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10.10.7 SYSCAL Pro Switch (10 channels - 250W resistivity metre 48 to 96 electrodes string) [22]

SWITCH Pro modules

SWITCH Pro (48, 72; 96, ...) units can
be used to increase the number of
electrodes controlled by the SYSCAL
Pro Switch in a 3D survey for instance

—H—+—+—+—++++++++ SYSCAL Pro }—+—+—+—++—+—++—+—++++

o SwitchPro ———————————

o e e s e B e S SwitchPro ———————————

Figure 52. SYSCAL Pro Switch Ro&IP System

Main features

- The SYSCAL Pro Switch units use segments (seg) of multi-core cable which are reversible and
interchangeable.

- For instance, the SYSCAL Pro Switch 48 with 10m spacing has 4 segments of cable a, b, ¢, d, with 12
electrodes each, for a total line length of 480m. The SYSCAL is placed in the middle of the line,
between segments b and c.

- If the profile to measure is longer than the linelength, a ROLL ALONG technique can be applied
where, after a first set of readings with (a, b, ¢, d), segment a is placed after segment d to form a
new (b, ¢, d, a) combination etc.

10.10.8 SYSCAL Pro for continuous land survey [22]

P11 P9 P7 P5 P3 P1 C1 c2 P2 P4 P6 P8 P10

Figure 53. SYSCAL Pro for continuous land survey Ro&IP System

Main features

- The SYSCAL Pro can be used with a specific cable pulled on the ground by a light vehicle, for a
continuous acquisition of resistivity readings.

- The cable features 13 cylindrical stainless steel electrodes (8cm diametre 25cm length, 4.2kg) at 2m
spacing:

- 2 for transmitting the current,
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- 11 for simultaneously measuring

- ten potential channels.

- A PC continuously records the 10 resistivity values and the GPS data, displays profiles in real time
- Recommended electrode array: reciprocal Wenner Schlumberger

- Penetration depth: about 5m

- Best conditions: wet grounds

- Acquisition speed: typ. 3km/h.
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10.10.9 SYSCAL Pro for river and sea survey [22]

Figure 54. SYSCAL Pro for river and sea survey Ro&IP System

Main features

- The SYSCAL Pro can be used with a specific cable pulled on the ground by a light vehicle, for a
continuous acquisition of resistivity readings.

- The cable features 13 cylindrical stainless steel electrodes (8cm diametre 25cm length, 4.2kg) at 2m
spacing:

- 2 for transmitting the current,

- 11 for simultaneously measuring

- ten potential channels.

- A PC continuously records the 10 resistivity values and the GPS data, displays profiles in real time

- Recommended electrode array: reciprocal Wenner Schlumberger

- Penetration depth: about 5m

- Best conditions: wet grounds

- Acquisition speed: typ. 3km/h.

1011 CaseStudy Examples

10.11.1 Geotechnical Study

Figure 55 shows a characterization of the slope formations overburden lying over the shales bedrock
measured for a tunnel project.
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Figure 55. 2D resistivity and IP chargeability sections showing the bedrock in a tunnel project

10.11.2 Mlineral Exploration Study

Induced Polarization is a phenomenon which occurs with some types of minerals such as sulphide particles

(Figure 56).

Over a massive sulphide ore body the resistivity parameter is low and chargeability is high (on the left side
of Figure 56) but over disseminated ore body both parameters are higher than average (on the middle

and right sides of Figure 56).
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Figure 56. 2D resistivity and IP chargeability sections over a massive and disseminated [28]
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10.11.3 Gold Exploration Study

Adyke with sulphide and gold minerals appears in Figure 57 with very low resistivity and high chargeability.

INTERPRETED RESISTIVITY

osw
&

oor

50 100 150 200 250 300 350 400 450 500 550 600 850 700 %0

5 100 150 200 %0 300 350 400 450 500 550 600 850 00 %0
dyke with sulphides and gold

Figure 57. 2D resistivity and IP chargeability sections over a dyke with sulphide and gold minerals
(31]

10.11.4 Refuse Dump Study

Figure 58 shows the vertical WAV section over a Hungarian refuse dump near Fels6telekes. As can be
seen, there are weighted amplitude values (WAV) over ten percent, indicating high and very high
contaminated areas under the surface caused by metallic and redox polarization effects. The corrected
apparent conductivity vertical section is presented in Figure 58. The thick black contour line shows the
points of the section where the corrected conductivity value is the critical 200 mS/m. The WAV map
(Figure 56) calculated at a 10 m reference depth inform about the lateral distribution of the polarizable
ore concentration in the Felsételekes waste rock body.

_ k = s ‘c

University af Miskale, Deparement of Geaphysics Felsdtelekes, 2011
FT301 FT303 FT105 FT305
A J " 4 4
| 1
| |
0.8 i // T
I |
*E 2,0: | |
g 52

] 25 50 5 100 125 130 175 200 225

lateral distance [ meter ]

V¥ - IP sounding point

Figure 58. Vertical WAV section over a refuse dump (WAV levels: > 0.2 — very high; 0.1-0.2 — high;
0.05-0.1 — medium; 0.02-0.05 — small; < 0.02 — clean) [11]
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Figure 59. Vertical section of the corrected apparent conductivity over a refuse dump [11]
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Figure 60. WAV map at 10 m reference depth over a refuse dump [11]

10.11.5 Waste Site Study

The vertical WAV section calculated from IP data measured above the Nagytétény (Hungary) communal
waste site indicates very high level of contamination is presented in Figure 61. The vertical section of
corrected conductivity is presented in Figure 62, where the lighter contour lines show the corrected

conductivity value of 50 mS/m, indicating medium level of contamination.
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Figure 61. Vertical WAV section over Nagytétény waste site (WAV levels: > 0.2 —very high; 0.1-0.2
— high; 0.05-0.1 — medium; 0.02-0.05 — small; < 0.02 —clean) [11]
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Figure 62. Vertical section of the corrected apparent conductivity over Nagytétény waste site [11]

10.11.6 Qil Contaminated Site Study

As shown in Figures 63 and 64 (see red colour tones) the oil contaminated bodies under the surface

appear in high chargeability interval.
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Figure 64. 2D IP chargeability section in strike direction over a Hungarian oil contaminated site [12]

10.11.7 Red Sludge Tailings Study

Both parameters, the WAV and corrected conductivity parameter have a very high sensitivity to the
contaminations. We checked the parameter sensitivity around a red sludge tailings cassette has been
tested, where the REF1 sounding point was situated on the red sludge. In both figures below (Figures 65
and 66) the contamination plumes escaping from the cassette are clearly visible.

UNEXMIN — August 2016 Page: 102



15000 mS/im
5000 mS/m
2000 mS/m
800 mS/m
600 mS/m
400 mS/m
200 mS/m

% 100 mS/m

dam of tailings cassette

Figure 65. Vertical polyline section of the corrected apparent conductivity around a red sludge
tailings cassette [12]
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Figure 66. Vertical polyline section of the WAV parametre around a red sludge tailings cassette[12]

1012 Conclusion
It can be concluded, that the IP method is a very useful method for mineral exploration and contamination
detection in both time and frequency domains, respectively. However, the measurement of the IP

parameters in water can be achieved only in case of a contact robot.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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11 WATER SAMPLER AND STORAGE

111 Theoretical Background

Water quality refers to the biological, chemical, radiological and physical characteristics of water. The
many types of measurements of water quality indicators show the complexity of water quality. Water
exists in equilibrium with its surroundings, which is why the most accurate measurements of water quality
are made on-site. Measurements commonly made on-site and in direct contact with the water source in
question include temperature, dissolved oxygen, pH, turbidity, conductivity and so on. Complicated
measurements are often made in a special laboratory requiring a water sample to be collected, preserved,
transported, and analyzed at another location. So water sampling is the process of taking a portion of
water for analysis or other testing, which can be drinking water to check that it complies with relevant
water quality standards, or bathing water to check that it is safe for bathing, or river water to check for
pollutants, or intrusive water in a building to identify its source. One objective of surveillance is to assess
the quality of the water supplied by the supply agency and of that at the point of use. Any significant
difference between the two has important implications for remedial strategies. Samples have to be taken
from locations that are representative of the water source, storage facilities, treatment plant, distribution
network, points at which water is delivered to the consumer, and points of use. [27], [28]

112 Theoretical summary of possible design

High pressure storage units and water sampler are used in the deep-sea environment around the world.
The features of commercially available, in situ sensors are not able to meet the requirements of deep-sea
applications, thus offshore or onshore laboratories are used for analysis of water samples. Most of the
research has been performed in recent decades, where water storage and sampling units were used. This
report contains a short overview which can be found in oceanic studies.

The intake process of the water sampling and the sampler capacity play a key role in classifying the four
main categories of water sampling units (Table 9). [7]

Sample intake Sample capacity

Fixed Variable

Passive | Fixed Passive | Variable Passive
Active | Fixed Active Variable Active

Table 9. Sample capacities

Two types of sampler container capacity can be distinguished: variable or fixed. Variable capacity sampler
containers include bag and syringe. These are created from glass, plastic and other materials. Fixed
capacity sampler containers obtain samples using valves and other similar apparatus. [1], [7]

In some papers two kinds of sample intake methods are described. These methods are active and passive.
The active intake method usually uses actuators like pumps. In case of passive types, the sampler is sent
to the target fluid depth with lid open. [1], [7]

Other systems like BoWaSnapper, that correspond to passive fixed sampling which can conduct 21-layer
water sampling at 200 mm intervals, include the Fine Scale Sampler, and the multi-horizon bottom water
sampler which specializes in multilayer fluid sampling just above the sea bottom. Active fixed capacity
water sampling like WHATS-Il includes Water and Hydrothermal-fluid Atsuryoku Tight Sampler which uses
a pump for high temperature sampling. [2], [3], [4], [5], [7]

Passive variable capacity water samplers have not been used yet in seawater. The active variable capacity
samplers sometimes attach a bag-, syringe water sampler. [1], [8], [9]

UNEXMIN — August 2016 Page: 105



There are some other publications, dealing with variable samplers. In some cases these samplers are used
in high temperature conditions, e.g. Mat Sampler which use syringes and a manipulator. [10], [11], [12],
[13], [14], [15], [16], [17], [18], [7]

113  Processes with the stored samples

Different investigations can be conducted with stored samples in accredited laboratories. Typically mass
spectrometry and chromatography methods can be considered. The following list (Table 10 and Table 11)
shows available packages at the international laboratory station of the Australian Laboratory Services Ltd.
The minimum sample volume is 60 ml for the investigation in the ALS laboratory, but usually similar
element detections can be .reached in similar European laboratories from smaller amounts like 10-20 m|
volume.

The different analyses are summarised in the Table 10 and Table 11.

11.3.1 Hydrogeochemistry Package ME-MS14HR

Analysis for:
- trace metals
- total dissolved solids

- conductivity

- alkalinity

- pH

- anions

200 USD/sample (whole package only)

det. lim. in ug/! det. lim. in ug/! det. lim. in ug/! det. lim. in ug/!
Ag 0.005 Fe 0.03mg/L |Re 0.005 Y 0.005
Al 0.9 Ga 0.05 Sb 0.01 Zn 0.9
As 0.05 Hg 0.05 Se 0.2 Zr 0.05
B 5 K 2 mg/L Si 0.05mg/L |TDS 3 mg/L
Ba 0.1 Li 0.2 Sn 0.2 Conductivity |2 uS/cm
Be 0.005 Mg 0.1mg/L |Sr 0.05 Alcalinity 1 mg/L
Bi 0.05 Mn 0.2 Te 0.01 pH 0.1 units
Ca 0.05mg/L | Mo 0.05 Th 0.005 Br 0.05 mg/L
cd 0.005 Na 2 mg/L Ti 0.2 cl 0.5 mg/L
Co 0.05 Ni 0.2 T 0.002 F 0.02 mg/L
Cr 0.5 P 0.3 mg/L U 0.002 NO2 0.001 mg/L
Cs 0.005 Pb 0.05 \ 0.05 NO3 0.005 mg/L
Cu 0.5 Rb 0.02 W 0.01 SO4 0.5 mg/L

Table 10. Determination limits for ME-MS14HR package code
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11.3.2 Hydrogeochemistry Package ME-MS14L

Analysis for:

trace metals

total dissolved solids
conductivity

alkalinity

pH

anions by chromatography

56.50 Eur/sample (ME-MS14L)

det. lim. in ug/! det. lim. in ug/! det. lim. in ug/! det. lim. in ug/!
Au 0.002 | Cu 0.1|Ni 0.2|Ta 0.01
Ag 0.005|Fe [0.003mg/L |P 0.005mg/L | Te 0.01
Al 3| Ga 0.05|Pb 0.05|Th 0.005
As 0.05 | Hf 0.005 | Pd 0.005| Ti 0.2
B 3| Hg 0.05| Pt 0.005| Tl 0.002
Ba 0.05]1In 0.01|Rb 0.01|U 0.002
Be 0.005 | K 0.01mg/L Re 0.002 |V 0.05
Bi 0.01|La 0.005|S |0.2mg/L wW 0.01
Ca |0.02mg/L |Li 0.1|Sh 0.01]Y 0.005
Cd 0.005/Mg [0.005mg/L |Sc 0.01|Zn 0.5
Ce 0.005| Mn 0.05|Se 0.05|Zr 0.02
Co 0.005 | Mo 0.05|Si  |0.03mg/L
Cr 0.5|{Na |0.01mg/L Sn 0.05
Cs 0.005 | Nb 0.005| Sr 0.05
16.50 Eur/sample (MS14L-REE)

det. lim. in ul det. lim. in ul det. lim. in ul det. lim. in ul

Dy 0.005 | Gd 0.005 | Nd 0.005|Th 0.005
Er 0.005 | Ho 0.005 | Pr 0.005| Tm 0.005
Eu 0.005| Lu 0.005|Sm 0.005|Yb 0.005

40 Eur/sample (MS14L-ANPH)

Br [0.05mg/L |NO3 [0.005mg/L | pH 0.1 | Conductivity |2uS/cm
Cl | 0.5mg/L SO4 | 0.5mg/L TDS | 3 mg/l Alkalinity 1 mg/l
F |0.02mg/I

Table 11: Determination limits for ME-MS14L package code
114  Industrial solutions—Purchasable instruments

In this part of the report some commercially available, deep ocean sampler will be detailed. These
constructions can give ideas for later investigation.
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11.4.1 Aqua Monitor

This device, called Aqua Monitor, was originally designed to collect versatile water and phytoplankton
sampler as a part of an AUV. The device could be programmed for autonomous sampling or operated as
a slave unit within an integrated system. Aqua Monitor equipment is able to collect 50 samples of up to
1000 ml each. The Figure 67 shows the equipment. [29]

Figure 67. Aqua Monitor device [29]

The construction can be divided to three parts. The first part is a high integrity syringe mechanism, which
is used to capture the samples. The second part is a multiport valve, which distributes the samples to
flexible bags. The sample store unit is the third main part, which includes flexible bags. The distributer
multiport-valve has 50 outlets and one inlet and electrical motor to actuate it to the required position.
The construction of the sampler unit permits programmability via a macro language which can be used
for creating of unique, in situ sampling tasks. The reference says a special deep ocean version of Aqua
Monitor is available, but the website of the manufacturer is not available. The system was used in the
Denmark Strait at a depth of 1200 m sampling once per week for a year. [29]

11.4.2 Aqualab

AqualAB is a water sampler which can collect 50 samples in deep ocean exploration projects. The volume
of the collected samples is up to 1000 ml each. This construction uses high integrity 50-port rotary valve
which injects the sample into titanium foil bags. These samples can store for post analysis. The equipment
operates automatically in a time-series mode using a user pre-set interval or a master device which
controls the time of sampling of the system. Package of AqualAB includes the ESM-1 Plus
controller/datalogger, which can be used for simple control tasks and is ideal for other external sensors.
The system can program via a script based programming language, called Eco-Script programming
language. Eco-Script has been designed to provide the user with maximum control and flexibility in
implementing sampling times. Scripts can be used to include extra flushing, sample preservation, rejection
or even in-situ sampling processing. [29]
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11.4.3 BallTrap

BallTrap is a compact and light-handling multisampler system, where the feature of a high number of
samples is combined with minimum weight and volume. The main principle is to use tubes for water
samples, blocked at each end by a sphere acting as a ball valve. The two spheres include a nipple. The tube
is completely clear before the sampling process, the two spheres being out of the way of the water flow.
When water sampling is over, the two spheres are released and they seal the tube. When the equipment
is brought back on the deck, the air inlet nipple and the water outlet nipple are cleaned. To get the samples
air or nitrogen is injected at the upper part of the tubes and sampled water is collected at the bottom
part. [30]
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Figure 69. BallTrap [30]
11.4.4 BoWa_Snapper - Multihorizon-Bottom Water Sampler K/MT 421

The BoWaSnapper is Multihorizon-BottomWaterSampler, which is suitable for deep-sea deployment and
used for the investigation of the sediment-water interface such as particles, organisms or geochemical
tracers. It has been developed in the Alfred-Wegener-Institute, Bremerhaven, Germany at the beginning
of 2000. The equipment can be used at water depths between 20 m and 5500 m and has six vertically
adjusted water bottles. The BoWaSnapper is equipped with an autonomous bottom releaser that closes
the water bottles some minutes after the touch-down on the sea bed. [31]

Figure 70. BoWa_Snapper [31]
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11.4.5 Bottom Water Sampler K/MT 420

The Bottom Water Sampler (K/MT 420) is designed for collecting water samples above the sea floor,
especially taken from different water depths. The equipment includes 5 Niskin sample bottles each with
a volume of 5 litres. The tanks are horizontally attached to the revolvable middle axis of the frame of the
system and adjustable between 10 and 120 cm above the bottom. The axis of the Sampler is revolvably
fixed to the outer frame and aligned with a current vane. The outer rack is also equipped with two current
vanes for turning the whole instrument in the direction of flow. [31]

Figure 71. Bottom Water Sampler K/MT 420 [31]

1146 NWS-11C5

The principle of operation of this water sampler is completely different from others. In general other
samplers use valves or pumps to connect sampling lines to the sampling bags. In this system the water is
taken into sampling bag by depressurizing the outside of the bag with a pump. Each sample line is
independent from others and the tip tube is clamped until sampling time. The sampling unit can do
automatic water sampling with unlimited clean condition. The unit can be used in the shallow sea, the
apparatus has been made small and lightweight so that a small control vessel can easily install and collect
it. [32]
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Figure 72. NWS-11C5 [32]
11.4.7 Niskin Bottles

This bottle can be a part of a bigger sampler system, but it can work alone. It is a non-metallic, free-flushing
sampler tank, which is recommended for general purpose water sampling. The main manufacturer of the
bottles is Richter and Wiese. They can be used individually or serially attached on a hydrocable and
activated by messenger or placed in any kind of multisampling system and activated by remote or pre-
programmed command. The Standard PVC Niskin Type Sampler is made of grey PVC (RAL 7011) and
features a spring closure made of latex tubing with optional stainless steel spring closure, clamp bolts for
attachments on a cable and mounting blocks for Multisampling System attachment. All metal parts are
made out of special V4A-stainless steel. [33]

Figure 73. Niskin Bottles
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11.4.8 SBE 32 Carousel Water Sampler

SBE 32 Carousel Water Sampler is an innovative design, which has no problems associated with motor-
driven types. In this construction each bottle has its own magnetically-activated lanyard release latch, so
there are no moving-shaft seals that can bind up at low temperatures or under pressure. The heart of
every Carousel is the magnetically-actuated lanyard release. A pressure-proof electromagnet at each
bottle position is energized on command to release the latch holding the bottle lanyard. Titanium, acetal
plastic, and other corrosion-resistant materials are used in the latch and magnet assembly. [34]

Figure 74. SBE 32 Carousel Water Sampler [34]

11.4.9 SBE 55 ECO Water Sampler

The ECO is a small-boat water sampler construction for coastal, estuarine, and large lake ecological
monitoring. The ECOis a light and economical system including three or six bottles with 4-litre ECO sample
bottles. The ECO can operate autonomously using internal batteries as power supply. During the
operation process it closes bottles at selected depths, allowing deployment using nonelectrical wire or
line. The closing mechanism of bottles is a magnetically actuated lanyard release latch derived from the
SBE 32 Carousel Water Sampler, which has a long history of reliability and ease-of-use. A pressure-proof
electromagnet is used to close the bottles, thus the magnets are energized and the lanyard released. The
ECO can be configured with different modules fitted to actual scenario. Main control system is called
Electronics Control Module (ECM) which controls the magnets and executes the data acquisition of the
connected sensors. The systems includes an ECM, one or two lanyard release modules, three or six 4-liter
ECO sample bottles mounted in saddle brackets and fastened with band clamps, stainless steel guard
frame with integral lifting bail, and mesh panels for mounting the ECM, CTD, and other sensors that may
be integrated with the CTD (e.g., dissolved oxygen sensor, fluorometer, turbidity sensor, etc.). [34]
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Figure 75. SBE 55 ECO Water Sampler [34]

11.4.10 Water Sampler with CTD

This water sampler is ideal for autonomous sampling techniques. The system is based on Chlorotech CTD
control. The device can store maximum 10 sampling bottles. Five parameters, eg., temperature, depth
and salinity can be measured by the unit. The data of the measurements are stored in the memory unit
of the system. Furthermore the unit is equipped with a rechargeable battery. Real-time communication
is not necessary, because of the pre-programming ability of the system, thus the sampling bottles can be
closed at the desired depths. The water sampler with CTD has a small and light design and can be operated
by a small boat, equipped with a winch if the weight is greater than 150 kg. [35]
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Figure 76. Water Sampler with CTD [35]

114.11 KIPS—Deep Sea Water Sampling

In situ samples can be guaranteed by the Deep Sea Water System. The system is useable in marine
environments and also in extreme conditions. The unit is well suited for a wide range of platforms, e.g.,
ROVs and long term benthic stations. A modular construction can provide a flexible setup. The system is
suitable for use in challenging environments, e.g., hot fluids in water depths up to 5000 m. The materials
of the unit have been chosen carefully to ensure proper operation in extreme conditions. [36]
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Figure 77. KIPS — Deep Sea Water Sampling [36]

115 Comparison of some available water samplers

The design process of the pressure-free cell has been aborted, because of the listed disadvantages,
mentioned before. Therefore an autonomous sampler system is required, which will be able to collect
liquid samples. Many water sampling systems have been built over the past 40 years, mainly for use in
oceanography. The main parameters of some sampler constructions are given in Table 12.

The specifications of some samplers have been evaluated. A total of 6 parameters have played a key role
in preparation of the comparison. It is important that the dimension and the weight of the water sampling
system should be minimized in the UNEXMIN project. The parameters of the examined samplers have
been listed in Table 12. The comparison was extended to include the number and capacity of samples.
The usage intervals of these systems have been filled to get some information about the opportunities.
The types of the communications have been also mentioned.

In some publications, the weight of the sampler systems are measured in air and in water, these values
are given in Table 12. In some cases the sampling storage dimensions have been added, but in others only
the dimension of the whole sampling unit is given. The usage intervals are written in meters. The number
of samples can be modified. There are some water sampler systems, which can collect liquid and solid/gas
samples equally. One sample capacity is added in millilitres. The main communication type used was the
RS232 standard.
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Literature Weight Sampling storage Usage . L
cited (System) dimensions interval Number of samples One sample capacity Communication
[20] 600 g (max. ) 0-100m 3 20ml 2.4 GHz 802.15.4
payload) radios
140 ml (1 syringe) > Mat
[12] 56 kg in air 016(§X5f£n£;nm] 0-4961 m 1236 material, 100 ml - water RS232
¥s samples
7 f ! ?10x500 [mm 0-5000 m 128 (4x32 40m RS232C
Qlginar 2 |
12,25 kg in air, ©120x850 [mm]
[21] 2,27kgin (System) 0-2000 m 8 20ml Serial Interface
water 015,875x114 [mm]
?180x670 [mm] . 400 ml sample bags were .
[22] 23kg (System) 0-1600 m 49 fitted Serial Interface
[16] - (2)12(()8);65§é)n%nm] 0-1800 m 1 1000 ml > maximum value -
2,5kgin air, .
[23] 155kgin ®7(()é3()tgr[rgm] Ig;ta,mm 1 sample/1 module 100 ml, dead volume 25 ml -
water ¥s
10kg in air, 6 450x170x70 mm 150 ml (but it can be
[17] kg in water LxHXW (System) 0-4500m ! modified), dead volume 4 ml .
Master/Slave,
24 1,2 - 0-10m 2 - CMD/ACK hand-
[24] kg /ACK hand
shaking protocol
[25] 386 kginair, | Cageis: 495x460x560 | 0-~3000 6 independent égg&etﬁtr%fgwg iﬁg’)l%aﬁl RS232
46,7 kg in air [mm] (WxDxH) m samples > Field testing
. 2400 mm High, L
3] approx. 200 Bottom frame: 0-6000m | © N'Sk'gégf:ssamp'e 6000 m ;
g 800x800 mm
6] 40 kg without ?555/650x830x880 0-3000 m 6 1000-3500 ml RS232
samplers mm
[18] - 012(%’;53?8(15““] 0-4000m | 2sample/2 modules | 1300 ml <> 1,6 km of tubing

Table 12. Comparison of water samplers

The carousel type water sampler construction type seems to be the best solution. The samples can be
placed to the peripheral surface, e.g., [22] and [26]. Some available constructions are shown in Figure 78.
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Figure 78. Water sampler constructions [26], [22], [3], [7], [12]
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116 Development of water sampler

Using the experience of the literature and scientific papers, a new water sampler will be developed using
wherever possible commercial components, from different manufactures.

Figure 79 shows the potential structure of the sampler unit. The unit can be divided into 4 main structural
parts. These are the electronics, water pump, valve unit, and tank unit.

Flow piston tank no 1.
Water inlet

Flow piston tank no. 2

Pump drive

electronics Actuator of valve

Flow piston tank no. 50

Actuator
Local control electronics drive
electronics

Electric connection to the robot

Figure 79. Potential structure of the sampler unit

The electronics need to have several different tasks and features:
- control the water pump
- control the position of the valve
- manage communication with the main control system of the robot
- fault determination
- alarm generation

The next main component is the water pump, which collects the sample water from the environment and
forwards the water to the valve. The electronics controls the start and stop of water sampling using the
pump.

The valve unit is responsible for setting the sampled water into the next empty tank. This unit must be
controlled with one or more actuators and drive electronics. The drive of the actuator is controlled by the
local control electronics so some communication is needed between them. During the development
process we shall endeavour to find and use suitable commercial valves.

The last main part is the tank unit, which includes small tanks for the water samples. Every tank includes
a small sealed piston to solve the pressure problems during the storage process.

11.7 Condusion

Instead of in-situ measurements, it is much easier to use water samples and analyse them in special
laboratories.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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12 SIDE-SCAN SONAR

121 Theoretical Background

Side-scan sonar devices produce acoustic pulses (conical-shaped or fan-shaped pulses) that travel through
the water column, strike objects in the water or the bottom, and these acoustic pulses are reflected back
to the transducer device. The time and strength of the returning acoustic pulses (like the backscatter) are
compiled by the sonar system into sequential rows of shaded pixel elements that together produce a flat
picture of the underwater environment. As an active remote sensing system, the installation (swimming
boat) must be moving through the water surface in order to create an image that can be evaluated. The
evaluation procedure is similar to the image scanning of any document. The boat and sonar equipment
act as the light bar that moves over the surface of a document in a scanner machine [Robinson, 1988].
The intensity of the acoustic wave reflections from the bottom of the sea of this fan-shaped beam of
pulses is recorded in a series of cross-track segments. When concatenated together along the direction
of motion, these slices create an image of the seafloor within the order (coverage width) of the pulse. The
acoustic audio frequencies applied in side-scan sonar commonly range between 100 to 500 kHz. The
higher frequencies (close to 500 kHz) yield better resolution but lower range [4].

Single channel wave reflection profiling systems (occasionally described as sub-bottom profiling sets) are
frequently operated together with an accurate echo-sounder, for precise bathymetric information. The
side-scan sonar method is a sideways scanning acoustic survey technique wherein the bottom of the sea
to one or both sides of the survey boat is scanned by a high frequency acoustic beam (like a ping),
transmitted by transceivers fixed to the side of the boats hull or in independent towed units (called tow
fish) as shown in Figure 80 (a) and (b). Ocean or lake bottom features facing towards the survey boat, such
as a bottom inhomogeneity or sedimentary bed shapes, reflect acoustic wave energy back towards the
transducer elements. In the case of features facing away from the boat or a featureless ocean bottom,
the acoustic wave energy is reflected onward from the transducer elements. The same type of data
recorder is used to create seismic profiling datasets. The resulting signal shape of the returned acoustic
energy is well known as a sonar. Scale distortion is created by the skew incidence of the sonar, resulting
from the changing wave path lengths and angles of incidence of returning rays, as shown in Figure 80 (b).
This wave distortion can be automatically repaired prior to displaying so that the sonar gives an isometric
map view of ocean or lake bottom features.
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Figure 80. Sketch of the side-scan sonar

- Individual reflected beam paths within the transmitted units, showing signal return from ocean
bottom inhomogenities.

- Scale distortion resulting from skew incidence: the same widths of ocean bottom Ax are
represented by different time intervals Atl and At2 at the inner and outer edges of the sonar
(from left to right).

Initially side-scan type sonar equipment utilized only a solo conical-beam transducer. Over time sonar
devices were developed with double transducers to cover both of the sides of the surveying boats. The
transducers were either contained in a boat’s single side-fixed package or with two packages on both sides
of the ship [Waters, (1978)]. Later the transducers advanced to fan-shaped type beams which generate a
better interpreted sonar image. In order to get closer to the bottom of the ocean in deep water the side-
scan transducers were installed in a swimming unit, the so called tow fish, which is pulled by a towing line
from the boat.

122 Measured parameter

The amplitude, or strength of the reflected acoustic ray, plays a critical role in ability of side-scan sonar to
create imagery that illustrates differences among features. The return ray amplitude is influenced by
several parameters [6]. Ray amplitude can be affected by the density of the ocean’s floor objects or
surface that reflects the signal. Dense, hard objects like large rocks, bridge base elements or sunken ships
reflect more sonar energy than soft surfaces like a sandy or muddy bottom.

The acoustic waves can travel far in the water of oceans or lakes. Acoustic waves travels in saline or fresh
water in a moving series of pressure zones because acoustic waves are compressional waves. The acoustic
waves and pressure zones propagate at a specialized speed in water. The section specific speed of acoustic
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waves can change depending on the salinity, temperature and pressure of water. The speed of acoustic
wave is measured in meters per second (m/s). Generally the average acoustic wave speed is around 1500
m/s and depends on the above detailed water parameters.

The distance between two pressure zones gives the wavelength. The Sl unit of wavelength is the metre
(m). The frequency of acoustic waves measured in Hertz (Hz). These two parameters are strongly related
to each other.

Speed of acoustic waves = Wavelength * Frequency

The acoustic power (energy) of the sound wave per unit time is proportional to the square of its amplitude
Figure 81 shows diagrammatically the components of a sound wave.

DARK ZONE MEANS

THE HIGH PRESSURE
! REGION IN THE

WATER

LIGHT ZONE MEANS

THE LOW PRESSURE

A | | REGION IN THE

WATER
WAVELENGTH DISTANCE

HYDROPHONE

Figure 81. Components of acoustic waves (measurable by hydrophones) [14]
123  Measuring method
12.3.1 Survey Speed

In any kind of geophysical surveying time is equal to money in a very real sense. A single-beam echo
sounder is not time-efficient enough. If the purchased sonar equipment has a very narrow beam, which
gives high precision locations for depth direction measurements, the measuring process will require many
individual cycles and take a really long time. The method can be speeded up by using sonar equipment
with a greater beam that maps a greater area with each measuring cycle, but at the cost of much more
poorer sea or lake bottom resolution.

12.3.2 The Multi-beam Solution

A multi-beam sonar is an instrument that can measure more than one site on the sea or lake bed with a
single ping and with higher resolution than traditional echo sounders. The work of a narrow single acoustic
beam echo sounder is performed at many different locations on the seabed at once. With this
arrangement the instrument can continuously map the sea or lake bottom. This area name is swath. The
dimension of the swath is called the swath width, and it can be scanned either as a fixed angle. The physical
size of the swath width changes with depth. The multi-beam acoustic sonar swath showed in Figure 82.
(14]
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Figure 82. Multi-beam acoustic sonar swath

124  Rangeandresolution

A fundamental relationship exists between the range of acoustic sonar and image resolution. Acoustic
range is the widest distance that will be screened in a sonar image (Figure 83). Acoustic range and image
resolution are highly proportional as acoustic range increases, image quality declines in the distant space
portions of the image. Sonar range is a setting that can be manipulated by the device operator during the
measurement [1].

I

Image Resolution

Low Sonar Range HI

Figure 83. Acoustic sonar range vs. image resolution

Acoustic sonar frequency and image resolution are directly proportional. Higher frequencies produce
higher image resolution (Figure 84).
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Figure 84. Acoustic sonar frequency vs. image resolution

Higher frequency signals attenuate quicker than lower frequencies as they are scattered and absorbed
more easily by water elements. With this fact, an inverse relationship exists between acoustic sonar
frequency and sonar range (Figure 85). Lower sonar frequencies have a higher operating range than
higher frequencies. The application of higher frequency may improve the ability to find small elements of
the bottom. This relation between frequency and range is often utilized during exploration and recovery
operations. When a huge area of open water must be scanned in search of a sunken ship, a lower sonar
frequency will be used at high range, thereby covering a large swath in each round. The operator will
investigate the recorded data set for anomalous targets, anything that appears out of the screen. The
lower frequency may not be sufficient to create a very detailed image of the sunken object, but may still
identify the target object as something different from the surrounding area. When anomalous elements
on the screen are encountered, a return process close to the object can be made using higher frequency
to create a further detailed view of the object in question.

I

Sonar Range

Low Sonar Frequency HI

Figure 85. Acoustic sonar frequency vs. sonar range
125 Targetparameters

The frequencies of sonars range from infrasonic to above a megahertz. Generally, the lower frequencies
have longer range, while the higher frequencies offer better resolution, and smaller size for a given
directionality. To achieve reasonable directionality, frequencies below 1 kHz generally require large size,
usually achieved as towed arrays. Low frequency sonars are loosely defined as 1-5 kHz, albeit some navies
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regard 5—7 kHz also as low frequency. Medium frequency is defined as 5—15 kHz. Another style of division
considers low frequency to be under 1 kHz, and medium frequency at between 1-10 kHz.

126  Applicability

Today’s side-scan sonar technique may be utilized to conduct research for subaqueous bottom profiling,
archaeology, geological structure imaging, in conjunction with ocean or lake bottom samples it is able to
give an understanding of the discrepancies in material and texture type of the bottom. The imagery of the
side-scan sonar technique is also a generally utilized method to catch detritus items and other
impediments on the bottom of the river that may be hazardous to shipping or to seafloor installations by
the oil and gas lines. In addition, the position of pipelines and electric cables on the bottom of the sea or
ocean can be investigated using side-scan type sonar. The sonar datasets are often acquired along with
bathymetric sounding profiles and sub-bottom profiler datasets, thus providing a glimpse of the seabed.
Side-scan type sonar is also utilized technique for fishing practice and environmental investigations. It also
has military applications including UXO detection [10], [2].

12.7  Advantages of the method

Initially side-scan sonar was the only available instrument for mapping underwater environment and
began with the development of submarine technology.

- Wide area of coverage allows for few survey profiles

- Provides very high resolution (under favourable conditions)

- With sufficient experience and instrumentation the side-scan sonar is a fast technique

Further advantages of the sonar technique [15]:
- Sometimes can be used in very shallow water
Really small objects (in centimetre range) can be detected
High resolving detail
Is easy to use in the marine environment

Disadvantages of the method

Many side-scan sonar image suffered from numerous features because of a number of reasons such as
the transversal scale, a function of the skew range, is different from the longitudinal scale.

The longitudinal scale varies as it is function of the boat’s speed, the survey line not being exactly straight
and the position of the towfish (pitch setting, heading, roll) is not constant.

Further disadvantages of the sonar method:
- Relatively expensive method,
- Wirelines might catch on underwater inhomogenities,
- Depends on well-trained on-line operators for good results,
- Demands precise transportation for multi-beam units,
- Requires the latest interpretation and processing skills,
- Backscatter technigue is a new “unknown” to much of the survey community.

128  Industrial solutions—Purchasable instruments
12.8.1 EdgeTech 2200and 2205 [12]
The EdgeTech 2200 and 2205 are compact, highly flexible and applicable sonar systems (Figure 86).

These units are specially planed for installation and application on Underwater Vehicles, Submarines
(UUVs / AUV), Remotely Operated Submarines and Boats (ROVs), Unmanned Surface Ships (USVs),

UNEXMIN — August 2016 Page: 127



and other hosted platforms. This modular equipment can be organized, based on the users’
application, to collect sub-bottom track analyses, side-scan sonar imagery, and bathymetric data
sets. The EdgeTech system is provided as a complete package where the 2200/2205 electrical units
are enclosed in a pressure tank, or alternatively the electronical control units can be provided as
boards equipped onto a frame so the customer can integrate the sonar system into the AUV or ROV
pressure housing. In both cases the transducer units are provided for the side-scan sonar. The
system can operate independent of the fixed platform by storing the data or it can be configured to
independently operate with the boat during its survey. Deep water units can be depth rated from 0
to 6000 meters. The sturdy design and modular units of 2200/2205 system includes EdgeTech’s
unigue and exciting deep water imaging technologies: Full Spectrum® CHIRP Processing, Multi-Pulse
technology (special opportunity), Dynamic Array Focusing (optional feature) and Dynamic Aperture
Sonar Arrays. This technique provides long range resolutions through improved signal-noise ratios.
The Multi-Pulse technique sends up to 4 pulses in the water simultaneously thereby enabling a 4
times imaging speed increase over conventional side-scan sonar systems. EdgeTech’s exclusive
Dynamically Focused Arrays provide better resolution in the far zone and enable better target
determinations at longer ranges. The Dynamic Aperture of the sonar array increases the resolution
imagery possible in near and far zone ranges.

Figure 86. Different type of sonars from of EdgeTech (2200 and 2205 AUV / UUV / ROV / ASV /
usv) [12]

Features:
- Simultaneous Dual Frequency operations,
- Sub-bottom Frequencies from 500Hz to 24 kHz,
- Multi-Pulse operation,
- Side-scan Frequencies from 75 kHz to 1600 kHz,
- NEW Tri-Frequency option: 230 kHz, 540 kHz and 1600 kHz,
- On-line self-test and status reporting,
- Bathymetry capabilities with full swath coverage and no nadir gap.

Applications:
- Pre/Post Dredging Surveys,
- Scour/Erosion Investigation,
- Cable and Pipeline Surveys,
- Sediment Classification,
- Route Surveys,
- Geological/Geophysical Surveys,
- Shallow Water Hydrographic Surveys,
- Mine Counter Measures (MCM),
Archaeological Surveys,
- Marine Construction Surveys,
- Geological/Geophysical Surveys,
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- Military Rapid Environmental Assessments (REA),
- Port & Harbour Security,

- Dredging Operations,

- Marine Debris Search,

- Benthic Habitat Mapping.

12.8.2 Marine Sonic Technologie's Sea Scan® PC AUV/ROV

The Marine Sonic Technologie's Sea Scan® PC AUV/ROV systems have been designed and built to the
exacting standards of today's AUV/ROV market. Every AUV/ROV system consists of the Sea Scan® PC
system electronics card (Installed in the PC), a Sea Scan® PC transducer electronics card/module, a
pair of Sea Scan® PC transducers, and connecting cables. The AUV/ROV system components use the
same proven technology found in the towed systems but have been redesigned to make them smaller
and more energy efficient. All four components work together and each works only with Sea Scan®
PC components (Figure 87). Technical details are listed in the Table 13. [13].
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Figure 87. Elements of Dual Frequency Transducer Electronics Board, SPC PC Acquisition Board,

Streamlined 900/1800 kHz

Freguencies

150, 300, 600, 900, 1200, 1800 kHz (single frequency or in combination for dual frequency)

Transducer Dimensions

Dimensions vary based on frequency and transducer configuration. Transducers are custom designed for the specific
platform {included in system cost). Please contact us for more information.

Operating Range (maximum®)

400m @ 150 kHz, 200m @ 300 kHz, 75m @ 600 kHz, 40m @ 900 kHz 25m @ 1200 kHz, 15m @ 1800 kHz

Data Collection Speed

5.28 knots max. (4.68 knots @ 100 meters range to meet NOAA Survey Standards)

Horizontal Beam Width

0.8°% @ 150 kHz, 0.4% 300kHz and above {one-way), <0.6° @ 150 kHz, < 0.3° 300kHz and above (two-way)

Vertical Beam Width (one-way)

20° @ 150 kHz, 20% @ 300 kHz, 40° @ 600 kHz, 40° @ 200 kHz, 40° @ 1200 kHz , 40° @ 1800 kHz

Transducer Material

PVC (Standard — other materials available upon request)

Maximum Operating Depth

600 meters (1,968 ft.) Standard / 1000 meters (3,281 ft.) Optional (other depths available upon reguest)

Transducer Depression Angle

10° down from herizontal

Transmission Pulse

Tone Burst, 26.67us @ 150 kHz, 20us @ 300 kHz, 10us @ 600 kHz, 6.67us @ 900 kHz, S5us @ 1200 kHz, 4.44us @ 1800 kHz

Temperature

0°C to 70°C

Digital Across Track Resolution

~1 cm @ 5m range (512 Samples Divided by Range)

Digital Along Track Resolution

~2 cm @ 5m range and 2 Knots S0G (range and S0G dependent)

Acoustic Across Track Resolution

4cm @ 150 kHz, 3cm @ 300 kHz, 1.5cm @ 600 kHz, 1cm @ 900 kHz, 0.75cm @ 1200 kHz, 0.67cm {@ 1800 kHz

Acoustic Along Track Resolution
{two-way) @ end of near-field

30.5cm @ 150 kHz, 30.5cm @ 300 kHz, 15.24cm @ 600 kHz, 10.16cm @ 900 kHz, 7.62cm @ 1200 kHz, 5.08cm @ 1800 kHz

End of Near-field

9.3m @ 150 kHz, 18.6 m @ 300 kHz, 9.3 m @ 600 kHz, 6.2 m @ 900 kHz, 4.6 m @ 1200 kHz, 3.1 m @ 1800 kHz

Power Consumption

< 5 Watts Max. (not including CPU)

Operating System

Windows™ 9X, Windows™ 2000, Windows™ XP

Aux. Data Inputs

NMEA-0183 (Latitude, Longitude, S30G, COG, Heading, Depth, Altitude)

Table 13. Sea Scan® Specifications type of PC AUV

Sea Scan® PC AUV PC system electronics card (installed in the PC) is available in two configurations:
Full size, full length, ISA card and a compact PC-104 card for embedded installations. System
Electronics ISA Card: Size 340mm x 100mm x 19mm Weight: 361 g, Power consumption is 6-10
watts (Consumption is dependent on scanning speed and selected range scale). System Electronics
PC-104 Card: Size 97mm x 92mm x 17mm, Weight: 142 g, Power consumption is 4.8 watts
maximum (Consumption can be lower depending on scanning speed and selected range).
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12.8.3 Other manufacturers:

Side-scan sonar systems include Furuno, Sonardyne, Lowrance, Simrad, Raytheon, Northrop Grumman
(formerly Westinghouse), EdgeTech (formerly EG&G), C-MAX Ltd., L-3/Klein Associates, J.W. Fishers Mfg.
Inc., Imagenex Technology Corp., RESON A/S, Sonatech Inc., Benthos (the sonar formerly produced by
Datasonics), WESMAR, Marine Sonic Technology, Kongsberg Maritime, Geoacoustics, EDO Corporation,
Ultra Electronics, Hummingbird (Techsonic Industries Inc), and Deep Vision Technologies.

Shallow-water side-scan systems, Tritech and deeper rated side-scan systems.

129  CaseStudy

A similar use of side-scan sonar is in shallow sea floor mapping with a good example in this paper:

Lazar et. al. (2013) Side-Scan Sonar Mapping of Anthropogenically Influenced Seafloor: A Case-Study Of
Mangalia Harbor, Romania. Geo-Eco-Marina 19/2013 [5].

In this utilization the side-scan sonar is a valuable tool in investigating harbour areas and traffic fairways,
for its capability of imaging the seafloor objects and features, as well as offering information regarding
their position and dimensions. Debris and other traces of human activity were inventoried and monitored
much more easily using underwater acoustics than with conventional techniques. The scanned area of
the Mangalia Harbour shows intense human activity signs, such as various debris, traces of dragged
anchors and dredging areas, all of them being clearly visible on the sonograms. Most objects pose no
threat to the intense navigation in the harbour, as no high object was identified in the area where large
ships manoeuvre. There is still the danger of shipwrecking in case of large ships moving outside of the
main channel, as a mound of rocks lies on the floor near the harbour entrance. There is a comparison of
images of the same objects scanned at different frequencies, in an attempt to underline the advantages
of both high and low frequencies. Considering the relation between resolution and range, high
frequencies are more suitable for shallow waters, where they can provide better details. However, in
deeper waters, as the frequencies have a very limited range, they tend to have less coverage, as the nadir
blind area gets wider, thus requiring a lowering of the tow fish. Therefore, we recommend the use of the
highest frequency available for practical applications in harbor areas.

Other many good examples of the application of side-scan sonar technique for seafloor sediment
investigations and analyses see at website of https://www.chesapeaketech.com/case-studies/.

1210 Condclusion

This method can be applicable conditionally in the project, because the side-scan sonar technique able to
provide information about cracked and loosened zones. Also, the method can give information about the
thickness of sediment. The sonar technique also applied for the robot control system of orientation. For
this reason it is not worth using two similar systems built in the same robot.

Suggested/Suggested with comment/Unsuggested method
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13 MAGNETIC METHOD

131 Theoretical Background

Conventional utilization of geomagnetic methods contains such tasks as spatial imaging of volcanic
extrusive and intrusive rocks and identifying the depth of crystalline basement below sedimentary cover.
Volcanic rocks usually contain large amounts of ferromagnetic material. Unconsolidated sediments and
sedimentary layers generally are poorly magnetized. For shallow investigations, today’s highly sensitive
instruments easily detect buried faults, structures of igneous rocks, iron pipelines, former walls of
buildings, etc. [11]. This method is a rapid and affordable technique in geophysical engineering practice
[10].

Magnetizable rocks include many types of ferromagnetic and other kind of minerals like para-, dia-, ferri-
and antiferro-magnetic. Magnetizable minerals are capable of acquiring remanent magnetization which
is useful for paleomagnetic studies. Samples that are poor in magnetizable substances, or contain
diamagnetic minerals, will yield lower or negative magnetic values [8].

There is only a limited applicability of magnetic method in mapping of structural geology [1].

132 Measured parameter

In the applied geophysical magnetic method, volume susceptibility is a physical quantity which describe
the observed material properties in the external magnetic field. In geophysical engineering practice the
magnetic volume susceptibility is denoted by k, and can defined by the equation of k = M/H, where M
means the volume magnetization induced, H denote the external magnetic field. Volume susceptibility (k)
is a unitless quantity. The susceptibility value depends on the utilized unit system: k (SI) = 4m k (cgs) = 41t
The Tesla is the unit of the force of a magnetic field. The specific susceptibility is defined as x= k/r, where
r means the rock density. The dimensions of specific susceptibility are therefore cubic meters per
kilogram.

133  Measuring method

Systematic magnetic surveys can be used to searching for mineralogical conditions or locating
magnetizable objects. With systematic grid the typical utilizations of the magnetic method include:
- Aeromagnetic survey,
Ground exploration,
Borehole investigation,
Marine survey.

Magnetometers in engineering practice can be divided into two basic types:
- Scalar magnetometers, which are measure the total force of the magnetic field,

= Proton precession magnetometer, sensitivity ~ 0.1 nT.
= Overhauser magnetometer, sensitivity ~0.1 nT.

= Cesium vapour magnetometer, sensitivity ~ 0.01 nT

- Vector magnetometers, which can measure magnitude of the total magnetic field and the
components of the total magnetic field in X, Y, Z directions.

=  Fluxgate magnetometer, sensitivity ~ 1 nT
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The magnetograph is a special magnetometer that continuously records magnetic data. Magnetometers
can also be classified as "Alternate Current, AC". This type of magnetometer measures field values rapidly
in time (more than 100 Hz). There are also "Direct Current, DC" magnetometers. This type of equipment
measures the total magnetic field almost statically. The AC type of magnetometers find utilization in
electromagnetic surveys (magnetotelluric methods). The DC type of magnetometers are used in the
practice of mineral exploration and imaging of geological structures.

134 Target parameter

The aim of geomagnetic measurements is to explore subsurface geology. Generally the magnetic
susceptibility of minerals is highly variable depending on the different type of rocks and the geological
background. Generally the Earth’s total magnetic field and many times also the vertical magnetic gradient
is measured. Horizontal and vertical gradient magnetic measurements can also be carried out [18].

In near surface engineering practice gradiometry is the generally used method. Magnetic gradient
method is a commonly used technique to increase the signal/noise ratio. With the technigue of magnetic
gradiometry the geophysicist can separate relatively shallow magnetic bodies from large distant magnetic
sources associated with geological formations. Gradiometers are pairs of magnetometers with vertically
or horizontally separated sensors, with fixed distance. The general distance between the magnetic sensors
is 1m. Magnetic gradiometry is applicable for archaeological work, site investigation and unexploded
ordnance location. With this method, both along-line and across-line gradients can be computed.
Magnetic, just like gravity, methods are potential field methods [6]. Anomalies on the surface or in the
subsurface of the Earth are caused by induced or remanent magnetism [12].

In mines, magnetic applications can detect magnetic anomalies (faults, veins) and presence of
magnetizable minerals. The main magnetizable minerals are listed in Table 14:
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Magnetic Properties of Minerals

Mineral Composition Magnetic Order|T(°C) |o, (Am¥kg)
Oxides
Magnetite Fe;0. ferrimagnetic  |575-585|90-92
Ulvospinel Fe,TiO; AFM -153
Hematite uFe;O3 canted AFM  |675 0.4
Ilmenite FeTiO; AFM -233
Maghemite 7Fe 03 ferrimagnetic  |~600  |~80
Jacobsite MnFe,04 ferrimagnetic (300 77
Trevorite NiFe.0y ferrimagnetic  [585 51
Magnesioferrite |MgFe;O4  |ferrimagnetic (440 21
Sulfides
Pyrrhotite Fe;8g ferrimagnetic 320 ~20
Greigite Fe;84 ferrimagnetic  |~333  |~25
Troilite FeS AFM 305
Oxvyhyvdroxides
Goethite aFeo0oH  [ATMLWeRK | 0«
FM
Lepidocrocite | yFeOOH AFM(?7) -196
Feroxyhyte 8Fe00H ferrimagnetic |~180 |<10
Metals & Alloys
Iron Fe FM 770
Nickel Ni FM 358 55
Cobalt Co FM 1131 161
Awaruite NiFe FM 620 120
Wairauite CoFe FM 986 235

FM = ferromagnetic order
AFM = antiferromagnetic order
T. = Curie or Néel Temperature

6. = saturation magnetization at room-temperature

Table 14. Main magnetizable minerals [17]

135  Applicabiity

Magnetometric surveys can be useful in locating magnetic anomalies which indicate the presence of ore
bodies (direct magnetic detection), or sometimes gangue minerals associated with magnetizable ore
deposits (indirect detection). These types of deposits include magnetizable iron ore, like hematite,
magnetite and often pyrrhotite which is a reddish-bronze iron sulfide mineral. Today’s developed
countries invest huge amounts of money in systematic airborne magnetic exploration of their territory
and surrounding oceans, to assist with geological mapping and in the discovery of magnetizable mineral
deposits. The magnetic field of magnetizable ore bodies falls off proportional to inverse distance cubed
(dipole magnetic target), or at best inverse distance squared (magnetic monopole target). Generally, the
combination of multiple magnetic sources is measured on the surface of the Earth [Macintyre, Steven,
2014]. Airplane mounted magnetometers record variations of the Earth's magnetic field. Different types
of magnetometers often can detect metallic explosive devices. The location of the geomagnetic
measurements are determined by GPS units.
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The magnetic method is generally adaptable for the following themes:

- Locate ditches and pits including buried ferromagnetic debris,
- Locate deserted steel well casings,

- Locate buried steel pipes and tanks,

- Investigate former waste dumps and landfill bodies,

- Detect covered unexploded ordnance (UXO),

- Imaging basement geology and fault structures,

- Explore archaeological sites.

136 Advantages of the method

The total magnetic field surveys are capable of discovering massive sulphide mineral layers, especially
when utilized the magnetic method in conjunction with electromagnetic measurements. Nevertheless,
the main target of magnetic measurements is iron ore. The magnetite/haematite ratio must be high to
produce significant anomalies, as haematite is generally non-magnetic.

13.7 Disadvantages of the method

Ground magnetic measurements are generally performed over not so large areas on a formally detected
target. Reasonably, the spacing between two stations is generally of the order of 1-100m or continuous
measurements (with overhauser type magnetometer). Of course smaller distances can be employed
where magnetic gradient values are high. Measurements cannot be taken in the vicinity of ferromagnetic
objects such as automobiles, metallic pipelines, roads, iron fences, barbed wire, buildings..., which can
disturb the local magnetic field. For similar reasons, users of magnetometers should not wear
ferromagnetic clothing.

Base station readings are necessary for monitoring the diurnal variations of the total magnetic field.

138  Industrial solutions—Purchasable instruments

Mapping Marine Ferrous Targets Using the SeaQuest Gradiometer System. Figure 88 show the results of
a target survey conducted by the United States Naval Undersea Warfare Centre (NUWC) — Keyport, WA.
The images show the striking contrast between conventional magnetometer (total field) data and the high
resolution gradient data obtainable with SeaQuest. See at http://www.marinemagnetics.com. Figure 88
shows the total magnetic field data collected by the top sensor of the SeaQuest platform.
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Figure 88. Total magnetic field map of the NUWC survey site. The image is dominated by North-
South trending curvilinear anomalies related to buried geology [16]

Only a few ferro-magnetic targets are identifiable. The Eastern part of the survey block is dominated by
geological noise. This image shows data that would be obtainable by a conventional total field survey.
North-south trending curvilinear anomalies dominate the total field image. These anomalies are related
to the magnetic susceptibility variations in the bedrock. It is hard to quickly identify anomalies associated
with ferrous objects because of the strong background magnetic response [14]. Presenting the total field
grid with a ‘stretched’ colour-scale allows identification of at least four potential ferrous targets in the
western half of the survey site. In contrast, the total gradient map (Figure 89) allows easy identification of
at least 12 (high-confidence) ferro-magnetic objects within the survey block.
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Figure 89. Total Magnetic Gradient (analytic signal) map of the NUWC survey site. The deep
geological signal is eliminated, and extremely small targets can be easily resolved, including a
faint linear feature in the west that was invisible in the total field data [

The wavelengths associated with the geological magnetic effects are effectively suppressed in this image
in comparison to the total field image. Targets are defined by simple ‘bulls-eye type’ positive anomalies,
which are centered over the target position. In the western part of the survey block, a low amplitude
NNW-trending linear anomaly is present. This anomaly corresponds to a known pipeline marked on the
marine charts of the area. It is worth noting that the amplitude of the pipeline anomaly is less than
0.5nT/m, and yet it is clearly visible in the total gradient map. Also of interest is the large anomaly east of
the center of the map. Despite its size, the anomaly is obscured by geology in the total field data, yet it
shows up prominently in the total gradient data. It is easy to see that the total gradient (Analytic Signal)
directly measured by SeaQuest provides the clearest results, effectively creating an intuitive magnetic
‘image’ of the sea bottom. While the single axis gradient results enhance only certain types of anomalies
based on their geographic direction, the total gradient is effectively a direction independent result,
enhancing all near-surface anomalies equally, and suppressing deep geology evenly. Magnetic gradient is
commonly used to enhance the signals from small, relatively close sources typical of iron manmade
objects, and to suppress the signals from large distant sources associated with geological variation. The
total gradient technique goes even further by eliminating the directional dependence of conventional
gradiometer methods. This produces an easily interpreted magnetic ‘image’ of the sea floor, with target
positions unambiguously marked by ‘bulls-eye’ type anomalies (Figure 90). Also, the total gradient
anomalies are expressed with a higher signal-to-background-noise ratio than with conventional
techniques, enabling the identification of tiny targets that would otherwise be invisible. The SeaQuest
gradiometer platform enables the acquisition of high quality total gradient data because of its
hydrodynamic stability and the high absolute accuracy of its sensors, producing clean results free from
heading errors and offsets. Despite high currents and demanding conditions, SeaQuest provided
consistent results that did not require the filtering or level-shifting that is necessary steps, yet large sources
of calculation error, for other gradiometer instruments.
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Figure 90. Interpretation of data products overlaid on grayscale total gradient map. Primary target

depth estimates (see triangle symbols) obtained from Euler Deconvolution of the measured

gradients. Total gradient grid values of the target position provide an estimate of the relative

139 Conclusion

target [16]

The method may yield misleading results because of iron objects in the mines (as with the pipeline in the

example above). Magnetizable objects can interfere with the measurements.

Though it is important to point it out that with the short-time stoppage of the trusters of the UX1 robot (a
few seconds), the flux-gate sensors to be installed can provide useful information about the crossing
position of the layers of the unexploited magnetic ore bodies, and about the archeologic information
regarding mining processes.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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14 MICROGRAVIMETRY SURVEYING

141 Theoretical Background

Gravity is a basic attribute of matter. Gravity surveys are based on the different bulk density of the rocks
and use the natural field to study the geological situation for ore and oil exploration, environmental
purposes, and locating cavities.

Microgravimetry studies the g variations, to detect density anomalies underground and is expressed in
uGal (1pGal=1x10%m/s?).

Gravity anomalies arise from natural or artificial sources (for example voids, cavities, dense material/rock).
The average gravitational pull is 980,000,000 pGals. Variations caused by voids generally involve up to 200
UGals of change.

Gravimeters have been developed for measuring gravitation in land or marine environment.

The gravity signal involves a direct Newtonian attraction, and a contribution because of the flexure of the
Earths crust which modifies the gravimeter altitude. Furthermore several types of noise complicate the
observed signal.

When a gravimeter is placed above a dense material it records a relative high gravity value. When it is
positioned over a low density feature (for example: cave) a relative low gravity is recorded. See an example
of negative anomaly below in Figure 91.
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Figure 91. Diagram about a negative anomaly over a void

The modern generation of field gravimeters allows to register promptly or digitally anomalies.

A density anomaly can be detected only if the produced gravimetrical anomaly is higher than the
significance level. The significance level can be approx. 15 or even 10 pgals in good measuring conditions
but in extreme conditions it can increase significantly, decreasing the efficiency of the method.
Microgravity surveys are particularly sensitive to the data collection methodology so careful data
acquisition and processing is required.

UNEXMIN — August 2016 Page: 141



Readings are recorded at stations of different distances depending on the situation. An example can be
seen in Figure 92.
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Figure 92. Example of Microgravity Results

Butler investigated the gravity and gravity-gradient determination and the interpretation process of
microgravity. Debeglia & Dupont studied the types of noise in the microgravity surveys. Styles et al. dealt
with corrections in microgravity under complicated environments. Nind et al. [9] studied the application
of gravimetry in boreholes.

142  Measured parameter

In gravimetry the changes of the gravitational acceleration have been detected. The measured parameter
could be the potential or the derivative of the potential.

143  Measuring method

Gravimeters are based on either the free-fall method or the rise & fall method.
The fundamental method used by both of them is the movement of a sensor in a vacuum chamber. For
the required accuracies of gravimeters the observation is needed within two or three days.

The observation time in case of new generation of miniaturized, transportable absolute gravimeters is
reduced to 10 minutes in an undisturbed area.

In exploration studies relative gravimeters are used to determine the observed differences in gravity. The
gravity differences (Ag) caused by local density inhomogeneities that show small variances from the
undisturbed gravitational acceleration. The construction of relative gravimeters only enables the
observation of the vertical component of Ag. Relative gravimeters can operate in dynamic mode or static
mode. The gravimeters that work in dynamic method observe the oscillation time of the sensor. Those
based on the static method have the sensor held in a null-position and the change of equilibrium between
two observations is a function of the gravity change.

Before the gravitation survey the data collection methodology has to be carefully tailored to the site and
environmental conditions, as well as to the survey target. Calibrations are needed before measurement.
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We have two base stations, the relative and the absolute one. The hand held instrument could be brought
into the field and the gravity changes can be recorded in discrete data points. At each point, the exact
elevation have to be determined. The calculation process could be very slow because of the several
corrections and records.

The accuracy of corrected gravity measurements is influenced by inadequate corrections of tidal effects
and by a poor estimation of ocean loading effects. In field studies the residual tidal effects are usually
integrated into an experimental terrain drift estimated on the basis of frequent repeated measurements.
Correction of the measured data with a mobile gravimeter could be carried out with the records of a fixed
gravimeter.

Gravity surveys in boreholes are carried out with Gravilog sonde. The probe is deployed inside the hole
and left there overnight and the measurements are collected on the next day.

At each station the probe is secured by a clamp. The pressure is detected, the gravity sensor was levelled,
and recordings are taken twice per minute. Then the clamp is disengaged and the probe is moved to the
next station. At each station the whole process takes about 5 minutes.

Figure 93 shows a residual gravity log as an example:
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Figure 93. Residual anomaly in Norman Township test [9]

After the gravity measurements several corrections (for example instrument drift, earth tides etc.) are
needed. The Data Processing consists of correcting measurements of all disruptive gravimetrical effects
and filtering. The Figure 94 shows 3D gravity effects along profiles.

UNEXMIN — August 2016 Page: 143



E Profile 1
3
=002 — z * 2 — —20
— 4
i Pe . . B
=03 — E g | —3g
_ 8 L
—0.04—] I T
| 0 E1] @ & 80 L
Distance (m) I
L =
4]
L 0 =
-3
I— =70
— =80
— -9
F— =100
I T L LA I B B N B
0 10 20 30 40 50 a0 70 B0
Distance (m)

3D gravity s computed for profiles crossing the buried cave with the following
parameters along the strike effect
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Figure 94. 3D gravity anomalies over a prehistoric cave. In the upper part of the figure the profiles
and the position of buried cave can be seen, below it the 3D computed gravity effects is visible,
and at the bottom the picture shows the geological-archaeological sequence
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The bulk density in a borehole is shown in the Figure 95:
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Figure 95. The bulk density in a borehole [9]

The outcome of data processing is the Bouguer anomaly that represents the variations of g due to
geological effects. Based on the Bouguer anomaly, the residual anomaly has been determined which is
represented on profiles and maps. The negative anomalies correspond to voids or decompressed zones.
The positive anomalies can be caused by geological structures (faults, volcanic intrusions, etc.). The
example Figure 96 shows a residual anomaly map.
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Figure 96. Residual anomaly map of a site in the North of France

144 Target parameter

The result is Bouguer anomaly map or gravity effects along profiles.

145 Applicabiity

Microgravity can be applied:
- determining the depth to bedrock
- investigating Bedrock Channels
- situation of abandoned mines
- location of void spaces that contain air and/or water
- detection of bedrock anomalies
- strike direction of the structure and big changes can be detected
- detect different aspects in a soil profile
- determine voids and the void depth and size
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14.5.1 Advantages of the method

- ltis a passive geophysical method, so there is no needed induction.
- The main advantage of microgravity is that it is not an intrusive technique.
- There are no residual effects of a microgravity investigation.

14.5.2 Disadvantages of the method

- The main disadvantage from the project view is that we need to wait hours/minutes stationary
at one measurement point to get correct data.

- Microgravity is a highly sensitive method; any vibrations can invalidate the data.

- The data analysis could take a lot of time.

- Several corrections are needed during the data processing.

- ltis not applicable to search horizontal layers.

- Several rocks have similar bulk density.

- The effect of the source depends on the distance between the source and the gravimeter.

146 Industrial solutions—Purchasable instruments

Several types of Gravimeters are available in the market. Some of them are introduced below.
Commonly in use are gravimeters from LaCoste & Romberg, Scintrex, and Worden.

14.6.1 Worden gravimeters

The measurement with this gravimeter restricted to about 200 mGal, but it can be extended to about
6600 mGal by resets. The precision is about 10 uGal.

The gPhoneX gravitimeter
The gPhoneX gravity meter is based upon the G-Meter of the LaCoste and Romberg technology. It
has a low drift so that it can be used to integrate periodic signals (like earth tides) for very long time
periods (years). The gPhoneX can be coarse-ranged over 7000mGal and it has a #50 mGal dynamic
range during measurement.
It has a sophisticated data acquisition system synchronized by a rubidium clock that can be locked
to GPS. It has 0.1 pGal resolution.

LaCoste & Romberg has several gravimeters and microgravimeters.

LaCoste & Romberg gravimeters Model G
It is about 7000 mGal.

LaCoste & Romberg gravimeter Model D
It is restricted to 200 -300 mGal. For surveys of larger gravity differences it must be reset to the

requested measurement range. It has a precision of + 10uGal.

Micro-g LaCoste Absolute Gravimeters are summarized in the following comparison Table 15:
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Meter |Accuracy | Precision |Repeatability| Temp DC|AC| Outdoor

Range Operation
nGal pGalN(Hz)  pGal °C
FG-L 10 100 10 1510 30 x
A-10 10 100 10 -18t0 +38 x | x x
FG5-X 2 15 1 151030 X

Table 15. Comparison table of the Micro-g LaCoste Absolute Gravimeters

From our point of view the A-10 could be interesting, thus this instrument is detailed below.

LaCoste A10 Outdoor Absolute Gravimeter

The A10 (Figures 97 and 98) is an absolute gravimeter optimized for fast data acquisition and portability
in outdoor applications. In harsh field conditions (in outdoor sites, in the sun, in snowy and windy
conditions) it can also be applied. It has automated leveling, battery operated, temperature controlled
sensor, ideal roadside operation from a vehicle. It is based directly on international standards of time and
distance.

Figure 97. Inside of the LaCoste A10 Outdoor Absolute Gravimeter

Figure 98. LaCoste A10 Outdoor Absolute Gravimeter in use.
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Details of the A10:
- Input Power 12-14 DC (vehicle or from lab based 100-240VAC supply —included)
- Full load 25A (300W)
- Average load 16A (200W)
- Total Weight 105kg
- Accuracy 10uGal (Absolute)
- Precision 10uGal in 10 minutes at a quiet site
- Operating temperature -18°C to +38°C,
- Continuous operation

LaCoste & Romberg has developed a gravimeter for borehole use, but it was impractical because of its size
and the operational limitations of the probe.

Scintrex has also several instruments. One of them is the CG-5 Autograv Gravity Meter (Figure 99) which
is fully automatic including correction for earth tides, tilt, and temperature, etc. Its precision is about 5
UGal and it can be operated worldwide without resetting.

This microgravimeter is used to make a recording of the shipboard gravimeter. The gravity is measured
both at pier and at the standard point where the absolute gravity is well known. Horizontal installation is
only needed, since this gravity meter performs measurement and the compensation by the tide
automatically.

Figure 99. Scintrex CG-5 Autograv Gravity Meter

The Scintrex CG-5 delivers superior data repeatability in rough field terrain. Station positions are
measured with the integrated GPS capability.

- Internal GPS and precise clock for X-Y positions and earth tide corrections
- External GPS input for Z-position and altitude corrections

- Real time free air and Bouguer corrections

- Online near zone terrain corrections

- R/F On Off

Considering that the target environment of UNEXMIN is underwater mines the following instrument could
be interesting too.
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14.6.2 INO sea-floor gravimeter

This gravimeter uses the CG-5 Autograv™ fused quartz sensor with electrostatic nulling which is
incorporated into a submersible system. It has user-friendly software to provide puGal repeatability
on the sea floor. The INO gravimeter is designed for a depth of 600 m with an Aluminum pressure
sphere.

Scintrex developed a Gravilog probe for gravity surveys in boreholes based on the probe of LaCoste
& Romberg. Scintrex reduced the size of its quartz sensor and developed automatic leveling,
temperature control and electronics systems to fit into a small diameter probe suitable for mining
and exploration boreholes.

Gravilog Slim Hole Gravity Tool (Figure 100) for Mining and Geotechnical Applications

A borehole gravity survey can provide valuable information such as: bulk density determination, rock
properties, verification of surface and airborne gravity anomalies, association of mass with conductors,
detection of cavities and voids.

Figure 100. Gravilog Slim Hole Gravity Tool

The following hole requirements are needed to use this tool:
- Maximum depth : 2000m
- Minimum hole dia: NQ dfrill rods (57.2mm, 2 %)
- Sensitivity: >5 pGal
- Deviation of Vertical: < 60 degrees

Table 16 below summarizes the target specifications of the Gravilog system.
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Target specification

Sensifivify better than 5 pGal with a one
minute reading time

Operating range 7000 mGal

Max sonde diameter | 48 mm

Max sonde length

Approx 3 m

Max. operating depth

3000 m (water filled hole)

Mintmuim hole
diameter

NQ drill rods (57.2 mm)

Max. hole dewviation
from the vertical

60 degrees

Operating
temperature range

0’c - +70°c (downhole section)
40°c - +s0'c (uphole section
excluding PC)

Vertical position| +/- 5 cm between successive
determination in| stations (depth will be determined
borehole with a combmation of pressure
sensor.  winch  encoder  and
mclinometer)
Table 16. Target Specifications of Gravilog System

147 Conclusion

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method

This method needs a long stationary positioning time that cannot be ensured in the autonomic robot. The
weight and size need of this type of technique is beyond the possibility of the robot considering the
currently available instruments in the market. The records would be very noisy so data processing
development would be needed.
By the above microgravimetry discussion it is not suggested that this is used in this phase of the project.
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15 REFLECTION SEISMIC TOMOGRAPHY

151 Theoretical Background

Nowadays the 3-D interpretation method is preferred rather than single 2-D sections to give information
about the structure of the subsurface. Seismic reflection tomography gives three dimensional images of
the subsurface based on a seismic measurement database. The seismic methods rely on the different bulk
densities of the layers and the mechanical properties of geological formations. These properties cause
different wave velocity in the rocks. Wave generation can be passive or active. When the geophysicist
generates seismic waves in order to collect data from targeted area this is called the active method. This
tomography can be acquired either at sea or on land. There are no specific required site conditions to
work with it.

In practice the travel time of certain types of seismic energy has been measured by geophones. Seismic
energy travels in waves in the subsurface then before the energy arrives at a geophone it is refracted
and/or reflected at interfaces between materials with different densities (seismic velocities). The law of
refraction and reflection of seismic energy behaviour at density contrasts is the same as for light passing
through prisms. When a generated seismic wave strikes a density contrast some part of the energy is
refracted into the underlying layer, and the remained energy is reflected at the angle of incidence. The
reflected seismic wave is never detected as first arrival (see the Figure 101).

At less than approx. 15 m depth, the reflections from surface of density contrasts arrive at geophones
nearly at the same time as the surface waves and the air blast. Deeper targets (more than 15.24 m) can
be detected more easily because the reflections from greater depths arrive at geophones after the surface
waves and air blast.

Seismic waves are recorded. The results of the measurement are complex databases of overlapping
seismic arrivals which contains filtered data. Based on the travel time the structure of the subsurface can
be estimated. The vertical resolution of this method is 5 to 10 percent of depth. The lateral resolution is
approximately half of the the geophone spacing.
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Figure 101. An Example of Seismic Record that is typical ground motion produced by a shot [1]
152 Measured parameter

The measured parameter is the time difference that is detected between the shot and the first wave
arrival time at the geophone.

153 Measuring method

The Reflection Tomography consists of two steps. The first one is the seismic measurements for
identification of acoustic discontinuities and determination of relative travel times at different source-
receiver positions. The second step is the local velocity model estimations by an iterative inversion
procedure. The picking accuracy is limited by various effects. The systematic error of the velocity and the
reflection depth points determination is about 3%. The seismic method could be used on land and at sea.
The basic concepts of the measurement are the same in both environments but the measuring technique
is different.

In case of a submarine survey the measuring method can be seen in Figure 102.

As energy sources we use air guns, which produce noise by using compressed air. The shot point is the
place of detonation .Each shot point is uniquely numbered. The sound waves pass through the water
column, then the noise penetrates into the sea floor and reflects from the underlying rock formations. An
array of hydrophones receives the reflected noise signals. Their exact travel time will depend on the speed
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that sound travels through the rock (seismic velocity). Examining the readings the structure of rock strata
can be determined.

Figure 102. Seismic surveys in marine environment [2]

Computer processing makes it possible to amalgamate the recordings from all the shot points, and filter
out unwanted signals of different sorts. The 2-D or 3-D seismic data are displayed in a coordinate-system.
The horizontal axis indicate the distance along the profile and the vertical axis shows the time (in seconds).
The TWT is usually converted into depth.

In case of ground survey the measuring method is shown in Figure 103.

Vibration can be generated in different ways. The source wave can be generated with hammer, via
explosions, etc. then the generated seismic waves are reflected, refracted at interfaces of the ground, and
travel times are recorded in the arrays of geophones. The seismic velocities via fragmented material are
slower than in more consolidated material. The velocities of P-waves are bigger in saturated than in
unsaturated environment.

In practice with the field and data processing procedures the geophysicists try to maximize the energy
reflected along near vertical ray paths by subsurface density contrasts.
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Geophones Shot Point Geophones

Overburden
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Figure 103. Seismic survey in the ground [1]

The target parameter is the density contrasts. The final result of the seismic method is a 2-D seismic
section or a 3-D visualization. See an example in Figure 104. At the outset, interpretation includes tracing
continuous reflectors on 2-D sections in order to create a structural representation of the subsurface.

Figure 104. A 3-D view of the Palaeocene reservoir in the Nelson Field, North Sea
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154  Applicability

This method is most commonly applied for determining the geometry of oil/gas reservoirs, showing the
presence of petroleum directly and particularly dispersed gas, surveying rock characteristics, and
investigating depositional environments. We can use the method to locate oil and gas deposits beneath
the sea floor, and for research on submarine rock structures.

15.4.1 Advantages of the method

It is suitable for marine applications. In marine environment high quality reflection data collection is
possible even at very shallow depths because of the inability of water to transmit shear waves.The method
could be useful in the case of a very deep environment or small targets.

15.4.2 Disadvantages of the method

The main disadvantages of this technique are its high cost. Other difficulties are the practical limitations.
From the point of view of the UNEXMIN project additional energy is needed. Because it is an active
method, energy is needed to generate the vibration.

155  Industrial solutions—Purchasable instruments

Several types of seismographs are available in the industry. Some examples are listed below with their
details.

The StrataVisor NX model (Figure 105) from the Geometrics is a Land and Marine application with
up to 132 internal channels.

Figure 105. StrataVisor NX Seismograph

This product is available in rugged portable form or rack mount model. It is suitable for all seismic
surveys: reflection, refraction, downhole, VSP, marine or monitoring.

ES3000 Seismograph (Figure 106) with 12 channel works perfectly for cross-hole surveys, engineering,
construction, road building, and teaching.
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Figure 106. ES3000 Seismograph

This instrument is applicable for finding bedrock, depth-to-water, faults and fractures.

It gives best quality data with automatic settings, minimum errors. Its interface is easy. There are no
complicated drivers, plugs directly into your PC Ethernet port.

Itis 25 x 20 x 14 inches of size, lightweight (8 Ibs/3.5 kg) and low-power.

Geode Seismograph (Figure 107) is ideal for refraction or reflection, downhole or VSP - even tomography
surveys.

Figure 107. Geode Seismograph

Geode architecture and Geometrics software let one build seismic recording systems from 3 to 1000
channels with multiple lines and built-in roll capability. The Geode seismic modules house from 3 to
24 channels each, weigh only 3.6 kg and interconnect using inexpensive digital network cable. The
Geode will run all day on a small 12V battery and sleeps when not in use.

The last example of seismographs is the SmartSeis SE 24 Seismograph (Figure 108).
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Figure 108. SmartSeis SE 24 Seismograph

It is a 24-channel integrated seismic exploration system that can provide answers in the field with
built-in rugged PC, daylight-visible screen and even a high-resolution plotter. The SE Model is
modified with longer record length collection suitable for Surface Wave surveys.

It is capable of refraction, reflection and MASW projects.

Applications in this Seismograph:
- Depth-to-bedrock
- Rippability surveys
- Groundwater hydrology
- Foundation investigations
- Landside potential
- Hazardous waste migration
- Dynamic moduli measurements
- Fault Location
- Stratigraphic mapping
- Gravel and aggregate mining
- Thickness of overburden
- Mineral and gold exploration
- Landfill delineation and siting
- IBC Vs30 site classification

This instrument is 23 X 25 X 17 inches of size and 70 Ibs weighs.

The other important equipment in underwater environment is the hydrophone.
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Hydrophone Singles (Figure 109)

Figure 109. Hydrophone

These are individual pressure transducers (9Hz with piezoelectric crystals) with long leads for
connecting to Mueller-type take-outs. They are intended to be used in situations where a stream
crossing allows the cable to be suspended above the water and the phones can easily be attached
and dropped on the bottom to eliminate gaps in the record. Hydrophone diameter is 0,04 m. Its
length is 0,2 m. Each hydrophone has a 0,5 m lead. 0,04 x 0,2 m.

The GEOEEL with up to 480 channels is another type of seismic equipment applied in marine environment.
It is a towed hydrophone streamer (Figure 110).

Figure 110. a) GEOEEL b)Digital towed hydrophone streamers

The GEOEEL series of digital towed hydrophone streamers are the first small diameter arrays with
the performance of larger systems. With a diameter of only 41mm, the GEOEEL-Liquid

is easy to deploy, easy to transport and largely immune from the noise, leakage and ground loops
that plague the installation of analog streamers in a marine environment.

The GEOEEL-Liquid is filled with inert silicon oil which makes it environmentally safe. Thick 1/8"
abrasion resistant polyurethane keeps the streamer extremely rugged but still flexible enough to be
deployed by hand or mount on small winches. And the GEOEEL-Liquid is easy to be repaired — no
fragile fiber optics to break or go bad.

Sampling intervals of 2 ms to 1/8 ms make the GEOEEL-Liquid suitable for deep petroleum, high-
resolution engineering surveys or even for sub-bottom profiling. Near-zero dead time makes surveys
fast and efficient. A built-in digitally controlled oscillator provides calibration test signals for each
channel. Other tests include noise, offset, pulse test, timing, leakage and capacitance of hydrophone
elements.
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The GEOEEL-Liquid transmits data via fast Ethernet to Geometrics CNT-1 controller, running field-
proven software.

Features of the equipment:

configurable with up to 240 channels

digital Streamer means better quality data, less time deploying system

comparable in price to analog systems

light weight, easy to deploy on small boats

2 ms to 1/8 ms sampling means suitability for more kinds of surveys

24-Bit, 110 dB dynamic range

automatic configuration and fully self-testing

small diameter (41 mm, 1.6") means easy deployment by hand or with small winches
easily shippable, no special environmental requirements, filled with inert silicon oil
rugged, 1/8" wall thickness, can be used as bay cable, transition zones

multiple streamer configuration

works with standard birds

uses geometrics CNT-1 PC controller

separate windows display shots, gathers, trigger timing, noise, gun energy, tape status, alarms
real-time brute stack

multiple storage devices

integrates data from sources,

drives multiple printers

GEOEEL is suitable for wide range of surveys for example high-resolution engineering surveys, sub-
Bottom profiling. It uses any impulsive source, and large channels (up to 240) or small channels
(hand deployed)

156 Conclusion

Since it is an active method additional energy is needed. Furthermore the full reflection seismic system is
needed to be created. Wall contact is required for the geophones or the hydrophones series is needed to
be pulled by the robot.

For economic reasons and considering the requirements of the project (applying non-invasive methods,
autonomous robot without any external cabling, is not recommended method in this project.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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16 RAMAN SPECTROSCOPY

161 Theoretical Background

Raman spectroscopy is based on the analysis of the emitted electromagnetic radiation resulted from the
interaction between a laser beam and the irradiated material. A monochromatic laser beam irradiating
any type of materials will produce scattering = emitted radiation. Similarly to FTIR analysis, the vibration
modes and energies of chemical bonds are the basis of investigation. Contrary to FTIR, where only
absorption occurs, in Raman spectroscopy scattering is the measured parameter. Three types of
scattering have to be taken into account: Rayleigh scattering, Stokes Raman scattering and anti-Stokes
Raman scattering (Figure 111). Here, vibrational energy states refer to the naturally occurring vibrations
characteristic for the environment in which the given material is stable.

Virtual
energy A
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Vibrational
energy states
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» 4 3
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absorption scattering  Raman Raman
scattering scattering

Figure 111. Scattering types as a result of laser excitement [9]

Rayleigh scattering comprises the elastically scattered photons which preserve the frequency of the
incident beam. The analytically useful interaction is materialized as excitement of chemically bonded
elements, the radiation emitted during neutralization is known as Raman spectra, if plotted as intensity
vs. the shift of wavelength from the incident radiation. The Raman scattering, very weak in intensity as
compared to the irradiating beam and also the Rayleigh scattering, is produced by inelastic scattering.
Inelastic scattering occurs when the incident photon is adsorbed leading to excitation of molecular motion
(raising the natural vibration state), thus creating a higher and unstable energy state (Figure 112). The
decay from theunstable energy state may result in emission of photons with different energy from that of
the incident beam. Regarding the vibrational state before and after excitation, the Stokes and anti-Stokes
domains can be delimited in the emitted spectra, as left and right side part in relation to the incident beam
energy. Spectral distribution is expressed as frequency of radiation and quantified as reciprocal
centimetres (1/cm).
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Figure 112. Scattering types and regions recorded on CCl4 at 488 nm excitation [10]

162 Measured parameter

Electromagnetic radiation emitted from the irradiated material volume is collected and analysed by an
optical system. Spectra displaying peaks arising from Raman shift due to lattice vibrations are best suited
to identify crystalline materials through “finger-print” searching databases. Interaction with solid materials
also reveals the non-crystalline state of matter, meaning the total absence of ordered structure.
Interaction with molecular materials — solid, fluid or gaseous — also will produce characteristic spectra
suitable for materials identification. Figure 113 presents a plot of the frequencies of the asymmetric
modes of several anionic groups in minerals versus the bond lengths of the involved atoms. The larger
frequency shifts are associated with the shortest bonds, again illustrating the principle that the stronger

bonds are short and longer bonds are weak.
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Raman Frequency vs. M-O Bond Length
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Figure 113. Complex anions detected by Raman spectroscopy [11]

Raman scattering is also sensitive to lattice vibrations, thus materials without complex anionic groups also
produce a specific Raman spectrum. Accordingly, a large number of minerals can be easily identified and
differentiated if they are chemically (Figure 114) or structurally similar (Figure 115).
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Figure 114. Raman spectra of CaCOs varieties [1]

The basis for mineral identification is the position of the peak — usually known as band — maxima on x-axis
= Raman-shift and the associated intensity on y-axis. The intensity of peaks may vary depending on
crystallographic orientation, which can be deduced from the spectrum analysis. Asymmetry of peaks may
also contain structural and chemical information, whereas peak broadening is mainly related to the
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crystallinity of the investigated material (broadening indicates a decrease of crystallite/domain size or
degradation of ordering in the lattice).

Identification of minerals is usually done by using comparative spectrum, but using band position —
intensity data is also suitable. Several type of quantitative information can also be extracted from the
spectrum. Abundance of given molecules or groups in the structure of the investigated material can be

estimated, or calculated by using calibration. Relative abundances of mineral phases, compounds can also
be deduced.
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Figure 115. Raman spectra of jarosite varieties [2]

163  Measuringmethod

An instrument capable to function as Raman spectrometer (Figure 116) must comprise (1) a laser source
for excitation, (2) a collecting optical system for the emitted radiation, (3) filtering system to cut out the
Rayleigh scattering — notch filter, edge pass filter, or a band pass filter, (4) 166pectros grating for Raman
spectral decomposition and a (5) detector for photon counting, most suitably CCD devices.

Excitation sources (1) are lasers (diodes or Nd:YAG) in the ultra-violet, visible and near-infrared regions of
electromagnetic radiation (wavelengths of 633 nm, 660 nm, 785 nm and 1064 nm).
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Raman Spectroscopy
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Figure 116. Instrumentation for regular Raman spectrometry — a schematic illustration [12]

Although the method is traditionally applied on solid samples (monoblock and powder also), it is suitable
to investigate fluids, gases and immersed solid samples too. As a consequence, it is applicable to
investigate geological samples in underwater environments.

164  Target parameters

By the use of Raman spectrometry, we aim to identify mineral groups and species building up host-rock
(where accessible) and alteration products found in the underwater mining galleries. First proposed at
MBARI in 1999 [7] the idea of ROV-deployable Raman spectrometer reached wide scale applications since
then. Underwater Raman spectroscopy solutions have been established in the past decades. Applications
on large scale are common nowadays in oceanology and sea floor geological exploration. As defined in
the key requirements of Deep-Ocean Raman In Situ Spectrometer — DORISS project, analysis of ocean
floor mineralogy, pore water chemistry, gas seeps and sea floor vents was developed [4].

165  Applicability

Current status of underwater Raman spectrometry allows several key measurements which can be
successfully applied in UX1. Systems like DORISS and similar give the advantage to 167pectro the surface
of solid materials, composition and content of porous media and the composition of fluids.
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16.5.1 Pore water analysis.
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Figure 117. Raman spectra of pore water (Gulf of Mexico) and standard seawater (P-series IAPSO,
salinity = 34.992, sulphate=28.9mM, Ocean Scientific International, Ltd.) [3]
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Figure 118. Raman spectra of in situ pore water and the surrounding seafloor seawater in a
vesicomyid clam patch at Clam Field [3]

Individual mineral grains of millimetre size were analysed in a seafloor environment, producing clear
spectrum for mineralogical identification [5]
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Spectra collected in 0.2 mm increments across a granite sample
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Figure 119. Identification of minerals on a known rock specimen deployed on the seafloor, probing

166

167

millimetre grains [5]
Advantages of the method

Raman spectra of minerals can be used to identify phases by fingerprinting; by the use of
databases structural and chemical information can also be extrapolated for the 169 pectros
materials
due to the nature of interferences, Raman spectroscopy is more adequate to investigate agueous
systems and dissolved species then IR spectroscopy, which produces more significant
interference with water molecules
since the measured Raman intensities are directly proportional to phase concentrations, good
quality quantitative results can be obtained
for most of the measurements no to little samples preparation is required; for phase
identification, rough surfaces are also suitable
most samples suffer no damage to crystal structure or chemical composition during investigation
a large variety of transparent materials can be used for laser protection window, e.g. in the case
of underwater measurements
counting times range from fractions of a second to several minutes per measurement point,
making it ideal for quick data acquisition

Disadvantages of the method

pore water analysis will not be possible with the UX1 configuration, but contributions in the
measured spectrum are to be expected

the Raman scattering intensity is related to transparency of minerals, opaque minerals (like
sulphides) will have a lower scattering power — Raman signal — than more transparent (like
sulphates, carbonates) minerals [5]
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fluorescence may arise from chemical elements contained as trace elements or impurities in

minerals (Figure 120), these fluorescent peaks have to recognized and excitation adopted to

minimize these effects [5].
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Figure 120. Raman spectra of sulphates obtained with the microprobe (10x objective) and green
excitation. The anhydrite spectrum is 10x10 s; the gypsum spectrum is 10x20 s; and the barite
spectrum is 10x7 s. b. Raman spectra of sulphates obtained with the In Photote spectrometer
using red excitation. All spectra are single exposures of 10 s for anhydrite and barite, and 30 s

for gypsum [5]

produce interference that creates fluorescence [6]

presence of microbial organisms (Figure 121) or organic material traces (Figure 122) may also

dng
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Figure 121. Two spectra taken in situ of natural sea water: upper trace from 25m depth, showing
the fluorescence from phytoplankton pigments; and lower trace obtained at 3500m depth with
fluorescence absent [6]
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Figure 122. Raman spectrum of a pool of liquid CO2 on the sea floor, stand-off optic, O—H stretch
signal results from sea water in the optical path, the broad hump is fluorescence from organic
matter in the surficial marine sediments [6]

168  Industrial solutions—Purchasable instruments

Possible solution: DORISS — deep-ocean Raman in situ spectroscope, attached to remotely operated
vehicle (frequency-doubled Nd: YAG laser operating at 532 nm was chosen Coherent model DPSS532).
The development of DORISS and DORISS2 took a long period, each part being designed and fabricated
specifically. Oil-filled optical fibrefibre cable proved to be the best solution for signal transfer [7].
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16.8.1 Lasers

- HORIBA Scientific [13]
HORIBA Scientific has a program and development and testing of laser excitations for Raman — with
many collaborative projects in place with the leading manufacturers of laser systems. All Raman
systems from HORIBA Scientific offer the very best in laser technology, and are fully tested and
evaluated. Only those lasers which pass our own stringent QC tests are supplied.
UV lasers, HeNe, DPSS 532 nm, Solid-state visible lasers, NIR Diode, High power fibre linked

- ONDAX Inc. [14]
All SureLock™ Wavelength Stabilized Laser Diodes and Laser Modules incorporate the Ondax
PowerLocker® VHG filter to provide single-frequency or narrowed linewidth spectral performance,
stabilized temperature operating characteristics, and low power consumption — delivering
affordable, portable, instrument quality performance for a diversity of applications. Available in a
wide range of wavelengths, power levels, and form factors, Ondax can also custom-configure a
wavelength-stabilized solution to meet your exact application requirements.

16.8.2 Optical fibre, fibre probes

- HORIBA Scientific SuperHead Fibre Probes [15]
The SuperHead fibre optic probes are a range of high efficiency Raman sensors which enable in situ,
non-invasive chemical analysis to be undertaken. Immersion, high temperature/pressure and
integrated camera versions are available.
Each SuperHead probe is connected to an excitation laser source and base Raman 172pectros by
fibre optic cables. Its rugged and robust construction means that it is suitable for a wide range of
applications including true industrial reaction monitoring.

16.8.3 Filters

- ONDAX Raman filters and Filter Assemblies [16]
Ondax’s SureBlock™ Ultra-Narrowband Notch Filters are the ideal solution for highly selective
wavelength applications like low frequency (low wavenumber) Raman spectroscopy.
Ondax’s patented SureBlock™ XLF Notch Filter Systems enable fast, clear capture of Raman spectra
in the Low-Frequency (Low Wavenumber/THz regime (~5 cm-1 to 200 cm-1, or 150 GHz to 6 THz),
using only a standard single-stage spectrometer.

16.8.4 Benchtop instruments [17]

Horiba Scientific LabRAM HR Evolution is a high resolution microraman spectrometer, which allows
laboratory measurements of polished solid state specimens, samples with rough surface, powders
and liquids with the aid of quartz cell (cuvette). The system includes an optical microscope on which
the laser optical mount is fixed and allows the investigation of grains as low as ~10 micrometres. It
can be upgraded with an XYZ stage and mapping, depth profiling and polarization options. Lasers of
532, 633 and 785 nm are available.
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Figure 123. Benchtop LabRam HR Evolution system [18]

16.8.5 Handheld spectroscopes and probes [19]

Bravo (Bruker Raman Verification Optics) handheld Raman spectrometer for raw materials
identification by Bruker AXS offers reliable solution for quick mineralogical investigations. It's a
dispersive Raman spectroscopy system with proprietary fluorescence rejection, with spectral range
of 300-3200 cm-1, spectral resolution of 10-12 cm-1 with DuolaserTM solution (700 and 1100 nm
source). The size is 27*15.6%6.2 cm with a 1.5 kg weight.

Aéqu/,e
Materia)

Figure 124. Handheld Raman spectrocope, Bruker Bravo [19]
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169 Condusion

For realisation of an underwater Raman measurement it is needed to keep the laser sources and the
observer optics in a predefined proper position. Due to the implementation difficulties we do not
recommend the Raman methods despite the fact that it is able to give much useful information from the
surface of the examined materials.

Raman spectroscopy can be an useful tool in the future UX robots, but the development of a suitable
equipment needs more resources (development time, and money) than the capabilities of this recent
project.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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17 LASER-INDUCED BREAKDOWN SPECTROSCOPY- LIBS

171 Theoretical Background

The LIBS is a chemical analytical method, which melts solid materials with short laser pulses, inducing high
energy excitation on localized spots. In this regard, it practically resembles a traditional optical emission
spectroscopy where a laser source provides the required excitation energy, and all the elements of the
investigated material produce characteristic wavelength radiation in the visible spectrum. Analytical
procedures involve a laser beam source and excitation effect on chemical elements in the target are
measured. In contrast with laser ablation (LA) which is used to evaporate and analyse solid materials, the
LIBS method produces a plasma state material, resulting in optical emissions from the chemical elements.
LIBS was mainly developed for non-contact in-situ local chemical investigations, also serving as a short
distance remote sensing method as long as a free optical path is provided for the laser beam and emitted
radiation. Due to the ease of use, it is frequently used and increased number of instruments have been
developed in the past two decades. Special field of applications is used for underwater investigations. One
of the main advantages is that sample preparation is not required, and surface depositions, crusts of thin
layers can be removed by the use of laser beam itself.

172  Measured parameter
Depending on the excitation energy (temperature) chemical elements emit characteristic radiation. This

radiation can be used for spectroscopy and spectrometry applications, to identify and quantify the
chemical elements and their levels in the investigated material (Figure 125).
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Figure 125. LIBS spectra with chemical elements of various atomic number [5]
173  Measuring method

Two main areas of geometrical set-up have been developed: single and dual laser pulse. In the dual pulse
set-up two laser sources are applied, with sequential pulses. Dual pulse set-up was developed for
underwater applications. Laser sources are Nd:YAG (Nd-doped yttrium garnet), pulses are focused on the
sample using an optical assembly. Then, the plasma light (containing the analytical information concerning
the sample) is collected and transported to the detector (Figure 126).
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Figure 126. Arrangement of a LIBS instrument [6]

Due to the plasma emission characteristics, time resolved detection is necessary, to exclude the radiation
continuum emitted during plasma quenching. Detectors are controlled to have their counting start

delayed with microsecond time ranges, the time by which continuous radiation will decay and only
characteristics will be measured.
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Figure 127. Effect of delayed counting on the quality of characteristic lines [7]
17.3.1 Single-Pulse LIBS

In the traditional SP-LIBS measurements the laser beam which creates the plasma state material in the
excitation spot also provides the energy to obtain atomic emissions. The spectrometer records emitted
radiation travelling collinearly with laser beam in a back-scatter geometry. In the case of underwater
measurements, the plasma generated by the short laser pulse (e.g. 8 ns) will produce a gas bubble and a
subsequent quenching results in low atomic emissions [2].A poor signal is generally obtained with SP-LIBS
in underwater measurements, with a suitable results obtained only for dissolved alkali and alkaline earth
metals.

17.3.2 Dual-Pulse LIBS

Double pulse, or dual-pulse LIBS (DP-LIBS) has been developed to enhance the applicability of instruments
in underwater measurements (Figure 128).
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Figure 128. Photo of the LIBS probe taken during a LIBS analysis underwater at 30 m (left) and in
the laboratory (right)

Water based DP-LIBS solutions uses two consecutive laser pulses towards immersed ojects (Figure 128).
The water at the solid interface — in the laser beam focus — is undergoing breakdown, forming high
temperature and pressure plasma (6000—15 000 K and 20-60 kBar, respectively) resulting in thermal
expansion and gas bubble generation (i.e., thin layers of vapour and diffused gas) around the volume of
the excited material. After a few milliseconds of short plasma decay a large vapour bubble is formed. The
second laser pulse is focused on the solid surface in the region of the vapour bubble at the point of
maximum expansion, creating a plasma of the investigated material.
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Figure 129. Typical arrangement of DP LIBS measurement

In order to obtain maximum excitation and atomic emissions, the second pulse has to be focused and
timed to the maximum expansion moment of the vapour bubble.

DP-LIBS is suitable also for the measurements of large scale dissolved elements, allowing the detection of
weaker emission lines, undetected by SP-LIBS. One major characteristic that also has to be considered for
underwater exploration is the effect of liquid pressure on the emission rate of excited material. With the
increase of pressure a dramatic suppression of all emissions occurs (Figure 130).
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Figure 130. The emission intensity is inversely proportional to the solution pressure [1]
174 Target parameter

Exploiting possibilities offered by DP-LIBS, the desired result is to determine chemical elements present in
the wall-rock, alteration crusts and products. To the extent of possibilities, quantitative results are also
expected.

175  Applicability

By building the instrument from parts, it is possible to reach the desired arrangement and operation. Large
numbers of handheld solutions exist on the market, and also underwater testing and development is
advanced enough for experimentation. According to Lascola et al (2001) [4] underwater exploration using
LIBS analysis is difficult also due to the enhanced quenching effect of the water on the excited plasma,
suppressing the emissions from atoms.
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Figure 131. LIBS spectra of Ni sample in air and under water (99 mJ pulse energy at 10 Hz, air
sample with 6 seconds, underwater sample with 20 seconds integration time [8]

Thus, a laser-induced cavitation bubble has to be produced with the first laser, and excitation must be
created with a second laser source — this is the double-pulse LIBS setting. A study for underwater double-
pulse LIBS optimization [12] has found that focusing below the target surface (20 cm focal length, 0.5 mm
laser spot) is beneficial for bubble generation and collapse. Pulse energies had to be adjusted to allow
corrections for water adsorption. The process has a disadvantage manifested in scarce reproducibility of
the cavitation bubble created by the first pulse, since liquid pressure and dimensions of the bubble
strongly affect plasma emission.

176  Advantages of the method

- LIBScan (in principle) detect all elements

- In-situ method in real environments

- Non-contact

- Nosample restriction in size and shape

- Fast analytical response

- Qualitative and quantitative (limited) analysis

- Spotsize in the order of a few micrometres in diameter
- Non-destructive analysis (minimal ablation pit)

17.7 Disadvantages of the method

- Emission intensity is inversely proportional to the solution pressure (Figure 130)
- Need to precisely set up and control the laser-to-sample distance and the angle of incidence
- Just afew real underwater experiences exist
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178 Industrial solutions—Purchasable instruments

There is no commercial LIBS product working underwater. Underwater LIBS solutions are few, and they
are only in the development stage. Even if we use available state-of-the-art technology some R&D will be
required before it can be applied in UNEXMIN project.

There are numerous industrial solutions and products for LIBS working in air medium. The next three
examples show the handheld product line. These are small and lightweight (under 5 kg), possibly light
enough to build into an underwater autonomous robot, with R&D.

17.8.1 SciAps Z—High Performance, Handheld LIBS Analyzer [9]

The main features of the Z LIBS (Figure 132) 183luminiu are:
- High resolution spectrometer
- OPTi-Purge technology
- Camera and video
- Autofocus
- Auto calibration
- Rastered 2D laser

Emission in the UV, visible and NIR spectral region are detected, including hydrogen (H) to sodium
(Na). This includes critical elements like C, Li, Be, B and others. The SciApsZ measures elements like
Mg, Si, Al at low detection limits due to the optical nature of the technology.

The SciApsZ’s PULSAR technology generates bursts of 5-6 ml/pulse range, at up to 50 Hz
frequencies, with 1 ns wide pulses. It is well established that mJ, rather than W laser pulses yield
superior analytical results.

Figure 132. Handheld instrument of SciAps [9]
17.8.2 Handheld LIBS Analyzer for Metal Alloys—mPulse [10]
mPulse, is optimised for the rapid sorting of metal alloys.
- Identify a wide variety of metal alloys at the press of the trigger

- Measure elements, light and heavy in only 1 second
- Test large or small samples such as shavings, turnings, granules, cables etc.
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- No x-rays and free from the regulatory constraints usually associated with x-ray analysers
- Simple point-and-shoot operation

The mPulse analyser is the fastest device on the market used mainly as alloy sorter. It has been
designed for the rapid identification and sorting of heavier alloys such as Stainless Steels, Ni, Cu, Co,
Ti alloys and many more.

17.8.3 PMl-analytical EOS Handheld LIBS [11]
It has excellent detection of low atomic number elements (Al, Mg, Si, Li and Na).

The EOS is based on laser excitation of a metal sample followed by quantitative analysis of the light
generated in the plume. This technology provides quick (3-5 s) analysis of alloys including Al/Ti/Mg
alloys. The EOS is especially well suited to scrap sorting of these alloys because of its quick and user
friendly operation. In addition to the normal XRF elements, the EOS is capable of measuring very
light elements such as Li, Be and B; as well as laser fast analysis of Mg, Al, Si.

Weight: 2 kg.

179  Condclusion

The LIBS method provides very useful and unique information considering the chemical composition of
the rock wall and its minerals. It provides bulk chemical information of the measured spot, and, to some
extent, spatial chemical analysis is possible. The mineralogical limitation is that it does not give phase
analysis (it cannot distinguish among polymorphs, e.g.: diamond/graphite or rutile/anatase/brookite, and
also among minerals with similar compositions).

For the underwater application the DP LIBS would be better application because of the better signal to
noise ratio of the method, but there are limited number of real solutions and experiences available today.

At the moment this method is not suggested to be integrated in the UX-1 prototype because during the
measurement the available equipment must be hold on fixed position (accurate distance and angle).
Because the planned UX-1 robot will move constantly, it makes the correct positioning of the
spectrometer extremely challenging. For a LIBS measurement it is necessary to localize the point of
measurement with stationary platform - this task is complicated for an autonomous, mapping robot. In
spite of this LIBS could be an excellent target for future developments, as the LIBS method would give very
useful geochemical data about the mine environment, for both water and solid materials.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested method
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18 X-RAY DIFFRACTION (XRD) AND X-RAY FLUORESCENCE (XRF) SPECTROMETRY

181 Theoretical Background

In both, XRD and XRF analytical techniques the investigated materials are irradiated with X-rays, and the
results of interactions of matter with x-rays are registered to obtain information. In the case of XRD, the
crystal structure is investigated, and the results of XRF reveal the chemical (elemental) composition of the
material. The technigues require two different instruments, since the type and nature of interactions is
different. XRD is regularly performed with diffractometers: one setting is an X-ray source (Cu or Co target,
monochromated to Ka lines) and a detector moves in the circle pattern around the inspected sample
(goniometer circle); diffraction on crystal lattice planes produce x-ray peaks, allowing the minerals to be
identified. XRF measurements require a spectrometer: X-ray source (usually Pd target) and filters, also
known as secondary targets, are used to obtain the radiation for exciting atoms of the samples. The X-rays
emitted from atoms are directed to a detector by the help of analyser crystals (moved on a circle at a
tangent to the sample and detector surface). The result is a spectrum where peaks allow the identification
of chemical elements (but no crystal structure). Both instruments require sealed X-ray sources with
moderate to high energy requirements.

182 Measured parameters

XRD: produces a set of peaks characteristic of individual crystalline materials, as a function of the X-ray
source to detector angle (diffraction angle).

24.54956 Zincite
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2Th Degrees
Figure 133. XRD pattern with characteristic peaks for specific minerals (coloured curves —
calculated). Amorphous matter pattern is represented by hump on the blue measured —
pattern.

UNEXMIN — August 2016 Page: 186



XRF: produces a set of peaks characteristic for specific atoms, as a function of emitted photon energy or
analyser crystal angle. Possible settings are wave-length dispersive mode (WDS) if using analyser crystals
and detector or energy dispersive mode (EDS) if using SSD detectors to record emitted radiation.
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Figure 134. XRF spectrum, atomic elements and characteristic line types are plotted on the peaks

183 Measuring method

XRD: powder, solid or liquid samples with high to no sample preparation requirement; X-ray source set to
30—-50kV and 20—-40 mA. Measurements require moving parts for the diffractometer setting or imaging
plate, 2D detector for stationary beam and sample. Air scattering is a major part of the results, which have
to be subtracted. Photons are quickly absorbed by matter, whether gases, liquids or solids.

XRF: powder, solid or liquid samples with high to no sample preparation requirement. Measurements

require highly aligned analyser crystals (WDS) or high resolution SSD detector (Si-drift) (EDS).
Measurement chamber is sealed and vacuumed to minimize absorption.

184 Target parameter

Mineralogical and chemical composition, both qualitative (compounds and chemical elements type) and
guantitative (amount of each detected compound and chemical element)

185  Advantages of the methods

- Accurate and precise identification of minerals (XRD) and chemical compositions (XRF)

186 Disadvantages of the methods

- High efficiency X-ray photon absorption by water: the difference of density for air and water is
high, water is almost 830 times denser at 20 °C than air (air: 1.2045kg/m3; water: 998.2 kg/m3),
and, thus, the absorption is also much higher.

Table 17 shows that 100 um of water column already causes almost 10% and 1 mm almost 2/3 drop in
intensity. At about 4.5 mm 99% of the X-ray is absorbed, and no X-ray radiation is transmitted through 1.5
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cm water column. Moreover the results are defined for clear water. But if the water contains dissolved
ions, especially heavy metals, or colloids, the rate of absorption is be even higher.

Omm 0.0000% Imm 63.8952% 5mm 99.3865% 10mm | 99.9962%
0.10 mm | 9.6857% 1.5mm | 78.3056% 6 mm 99.7785% 11 mm | 99.9986%
0.25mm | 22.484% 2mm 86.9644% 7 mm 99.9200% 12 mm | 99.9995%
0.50 mm | 39.913% 3mm 95.2935% 8 mm 99.9711% 13mm | 99.9998%
0.75mm | 53.423% 4 mm 98.3007% 9 mm 99.9896% 14 mm | 99.9999%

Table 17. Absorption characteristics for Cu-Ka in water

However, the Table 17 shows values only in one direction. However, it must be noted, that when using
this technigue under water, x-rays must travel from source located in submarine to the target, and then
back. So actual absorption is much higher.

Based on this, it can be declared that the detected intensity will be at least exponentially lower than the
emitted intensity (if the atomic absorption for initial X-ray radiation is not taken into consideration).

187 Condusion

As a final conclusion, it is declared that neither technique (XRD / XRF) is applicable in water. The dimension
and weight of the instruments are too large and also the X-ray sources need high amounts of energy.
Moreover because of the high absorption ability of the water, the analysed surface would need to be
extremely close to the X-ray source and detector, which cannot be solved mechanically in this project.

Suggested/Suggested with comment (suggested in 2.2)/Unsuggested methods
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19 SUMMARY

From the three main areas (geophysical, optical and water analytical) we suggest to realise the methods

listed below in Table 18 based on the prepared summarization.
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g Hyper/Multispectral unit X HD cam
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€
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S}
5 | Fluorescent imaging X X X 1 X X X
e}
Table 18. Selected methods and their properties
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191 Geophysical methods

Magnetic field measurement

Commercial sensor needed for the realisation with a unique designed mounting bracket. The
suggested type of sensor for installation/use: Speake & Co Llanfapley, FGM-series Magnetic Field
Sensors FGM-3 series.

During the implementation must be developed the mounting systems, the related sensors (e.g. tilt
detector), and also the interface electronics and processing software.

The placement of the needed six sensors must be inside the pressure hull, as it is not necessary to
have direct water contact with the sensor heads.

Installation is suggested for all of the planned three robots at the same time.

Natural (integral) gamma ray activity

Commercial sensor needed for the realisation with a unique designed mounting bracket. The
suggested type of sensor for installation/use: Gammatech Ltd. IH-99DNC dose rate meter.

During the implementation must be developed the mounting systems and also the processing
software.

The placement of the sensor could be inside the pressure hull, mounted at the modified service
hatch. Not necessary to have direct water contact with the sensor heads.

Installation is suggested in only one robot occasionally.

Sub-bottom sonar

Extensive modification and adaptation of a commercial product is needed for the implementation.
The suggested type of sensor for installation/use: Garmin FishFinder 100.

During the implementation must be developed the mounting systems, a complex electronics
interface and also processing software.

The placement of the sensor could be inside the pressure hull, mounted at the modified service
hatch. Not necessary to have direct water contact with the sensor heads.

Installation is suggested in only one robot occasionally.

192 WaterTestingMethods

Temperature

The use of this sensor is suggested but the DVL instrument used for navigation also contains a probe
like this, therefore the implementation (duplication) of this probe and the related equipment are
not needed.

Installation is suggested for all of the planned three robots at the same time.

Pressure

pH

The application of this sensor is suggested but the DVL instrument used for navigation also contains
a probe like this, therefore the implementation (duplication) of this probe and the related
equipment are not needed.

Installation is suggested for all of the planned three robots at the same time.

Commercial sensor needed for the realisation with a unique designed mounting bracket. The
suggested type of sensor for installation/use: Corrinstruments, High pressure glass based pH. For
the proper operation needs the Reference probe using at same place and same time.

During the implementation must be developed the sealing and mounting systems, the interface
electronics and also the processing software.

UNEXMIN — August 2016 Page: 191



The placement of the needed 2 sensors (pH probe and reference probe) must be outside on the
pressure hull, and it is necessary to have direct water contact with the sensor heads.
Installation is suggested for at least one robot according the budget.

Electrical conductivity
Commercial sensor needed for the realisation with a unique designed mounting bracket. The
suggested type of sensor for installation/use: Corr instruments, High pressure EC probe.
During the implementation must be developed the sealing and mounting systems, the interface
electronics and also the processing software.
The placement of the needed 1 sensor must be outside the pressure hull and it is necessary to have
direct water contact with the sensor heads.
Installation is suggested for all of the planned three robots at the same time.

Water sampler unit
The design and operation are relative complex, and it could be a brand new development during
the project implementation. Commercial parts (valves, pumps, connectors, pipes, drives and
motors) will be needed for the realisation.
During the implementation must be developed the whole system included the sealing and
mounting systems, the related sensors (e.g. pressure probes), and the interface electronics and
also the processing software.
The placement of the sensor could be inside the pressure hull, mounted at the modified service
hatch. It is necessary to have direct water contact with numerous parts of the unit.
Installation is suggested in only one robot occasionally.

193 Opticalmethods

Hyper/Multispectral unit
The design and operation are relative complex, and it could be a brand new development during
the project implementation. Commercial parts (pressure resist observing glass, camera, colour
LEDs) will be needed for the realisation.
During the implementation must be developed the whole system included the sealing and
mounting systems, and also the interface electronics and processing software.
The placement of the sensor could be inside the pressure hull, mounted at the modified service
hatch. Not necessary to have direct water contact, but necessary to observe the ambient (outer)
environment (mine wall and water as well) with optical parts through some pressure resistant
windows.
Installation is suggested in only one robot occasionally.

Fluorescent imaging
Commercial UV LEDs could be used for the realisation and the synchronous operation with one or
more HD camera used for navigation must be provided.
During the implementation must be developed the sealing and mounting systems, and also the
interface electronics and processing software .
The placement of the needed one or more UV LEDs must be outside on the pressure hullin a sealed
transparent cover.
The installation is suggested for all of the planned three robots at the same time.

The technical details of the summarised methods above will be worked out in the D2.2 deliverable of the
UNEXMIN project.
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