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Feinman, 1964.

You cannot prove a vague theory wrong.

The Feinman Lectures. Addison. 

http://www.feinmanlectures.caltech.edu.

http://www.feinmanlectures.caltech.edu/


What is a mineral system? What is not a mineral system?  

• A mineral system is any region in the Earth’s lithosphere where mineralising processes 

operate. 

• A mineral system is defined by

1.    The boundaries

2.    The processes that operate within the boundaries

3.    The processes that operate outside the boundaries and that contribute

mass and energy to the system

4.   The competitive processes that define the growth of the system.

• A permissible mineral system must

1.    Obey the first and second laws of thermodynamics.

Energy and mass are conserved

Net entropy production is equal to or greater than zero.

Stationary states correspond to zero net entropy production.

Equilibrium corresponds to no dissipative processes operating.

2.   Obey the principles of mechanics.

Continuity  and  The balance laws.





Most published 

“mineral systems” 

are not systems; 

they are cartoons.

Many do not obey 

the laws of 

thermodynamics 

and few obey the 

laws of mechanics



One of the end member type of 

hydrothermal system:

A flow controlled mineralising system.

Orogenic gold

Porphyry copper

IOCG

A second end member type of

hydrothermal system. 

A hydraulic head controlled system.

MVT sedimentary Pb-Zn

Some aspects of porphyry copper 

and of epithermal gold  

Two end member mineral systems



Hydraulic potential controlled: 

MVT-deposits Flow controlled: orogenic gold, 

IOCG-deposits

Flow controlled: Porphyry, 

orogenic gold, IOCG-deposits

Buoyancy controlled: 

VMS-deposits

EXAMPLES OF OPEN FLOW SYSTEMS



An important difference between 

a true systems approach to 

mineralising processes and the 

classical “static” approach is the 

way in which

mineral reactions are treated.

In the classical approach mineral reactions represent a reacting  system

as a closed beaker of fluid at chemical equilibrium with no consideration

of the influence of mass and heat flow/generation on the mineralising processes.

In a systems approach all 

processes are coupled, the 

system is open and is driven 

far from equilibrium by fluxes

of heat and mass
Heat and mass generated internally

Reactive 

fluid in
Reacted 

fluid out

Equilibrium



I am returning 

this. I assumed 

equilibrium and 

uncoupled all the 

reactions and 

nothing 

happened.

And what did 

You expect 

to happen?

Critical thinking is nice to have



Complicated but not chaotic.

Behaviour can be understood by 

mapping all the components.

Simple but chaotic.

Behaviour can not be understood by 

mapping all the components.

Double pendulum



Where is the bit 
called speed?

The behaviour of a system may not be obvious

from the components that make up the system



( ) ( )3 2 2 2 2

2 4 2 2 48 42 77 14 36 7 +50 86 72+ − + + − ++ + + + → + +FeS Fe SO Cu H O Cu S Fe SO H

( )2-
4SO ( )2

4SO −This reaction converts 77 moles of to 86 moles of

and incidentally, also converts 42 moles of Fe3+ to 50 moles of Fe2+. 

Coupling of reaction processes Most alteration reactions are exothermic and 

have negative DV

Most alteration reactions are equal volume replacement



Maggie

Mike

It will blow up if 
you don’t fix that 

exothermic 
reaction.t

I don’t want to 
stop the gold 

deposition 
reaction

The hydrothermal reactor cannot 

operate efficiently- that is - produce 

the maximum possible gold

unless all parts of the system 

Interact optimally.



Chlorite+CO2+H+

→

siderite+quartz+Al3+

CO2+H2O+Au(HS)-
3

Phengite+Al3+

→

sericite+siderite+H+

Al3+
H+

Siderite+quartz+gold

in solution

Siderite+gold

in solution  

Localised deposition 

of quartz, 

siderite and gold 

in dilatant sites

Heat

Heat

An example of a coupled set of reactions that produce gold



Au(HS)4
−

Gold (solid)

H2SCO2
Pyrite

Dolomite/ankerite

Pyroxene, Chlorite

Kspar Sericite

Endothermic

Exothermic 

(above 350oC)

The essential part of the reactor

Inflow

H2O

Inflow

Outflow

+ pyroxene, 

hornblende, 

chlorite

( )

2

2 2

2

2 2 2 3 22
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2 2 2

H S Fe FeS H

FeS Mg CO H O MgFe CO H S

+ +

+

+ → +

+ + + → +

Another example



As a summary:

1. Mineralising systems are giant open  flow chemical reactors driven 

far from equilibrium by the influx of mass and heat.

2. The alteration systems and deformation are exothermic and supply heat 

but need fluids.

3. Deposition of sulfides, gold, quartz and carbonates are endothermic and 

need heat.

4. All the processes are coupled and the coupling needs to be optimal to 

produce a superior ore system.

5. The chemical and physical nature of many reactions means they are both 

autothermal and autocatalytic resulting in nonlinear oscillatory and irregular 

behaviour.



Source Region

Plumbing System

Reaction Site

Exhaust Region

• Metal concentration: under-saturated or saturated?

• Chemical and/or physical properties that enable 

mineralisation at reaction site

• Fluid production short lived – advection not conduction

• Stress corrosion: Influence of fluid 

chemistry on fracture toughness and

joint spacing → fractal geometry

• Permeability must be sub-critical

• Relation between fluid flow rate 

and extent of reaction

• Alteration reactions that enable 

deposition of metal

• Competition between heat/mass supply 

and metal deposition

• Physical processes: veining, brecciation

• Stress 

corrosion 

effects

THE MINERALISING SYSTEM



The ultimate outcome of the competition between

exothermic and endothermic processes, the autocatalytic

and autothermal behaviours, the large DV’s of reactions and

the production and consumption of fluids is nonlinear

behaviour where irregularity is the norm and prediction

seems impossible.

However, since the system obeys the laws of physics and

chemistry, the system behaviour is deterministic and not

random.

We need a foundation for examining such systems and this
is given by Takens’ theorem.



Takens’ Theorem (1981):

In any coupled dynamical system the behaviour of 

one component (say arsenic or sericite) reflects 

the behaviour of all other coupled components.

This means that just one component can be used 

to predict the behaviour of all other coupled 

components.

This is because the behaviour of every single 

component depends on the behaviour of all 
others.



Takens’ Theorem 1981): simple but profound.

The behaviour of all components in a system is 

restricted to lie on an attractor for that system.

An attractor describes all the possible states that 

the system can evolve through.

An attractor exists in N-space where N is the 

number of independent processes operating.

An attractor can be drawn using any one 

component using a displacement process which 
we explore below.



Takens’ Theorem 1981): simple but profound.

Dynamical systems are characterised by three 

features:

1. Multifractal behaviour in space and time. A 

multifractal is a set of fractals embedded in 

each other.

2. Recurrence. The system repeats itself in a 

statistical sense in space and time.

3. The probability distribution of a component 
reflects the growth of the system. 



Let us now look at the behaviour of some simple nonlinear systems

using XCEL to see the development of deterministic chaos and 

the application of Takens’ theorem

First we look at the expression:  1n nx x+ =



Now we introduce some complexity in the form of 

competition:  

1n nx x+ =1n nx x+ =

( )1 1n n nx x x+ = −

Sensitivity to initial conditions

A0 = 0.2;  = 3.8 Random



Now we look at Takens’ theorem and the construction of attractors

A sine wave A sine wave shifted 

a little to the right The attractor for a sine wave.

If we know one point on the 

attractor, we can predict all

other points



Some other attractors

Quasiperiodic

Logistic

Generalised Hénon (Sprott, 

2003, p130)
2

1 0.4 1.7 1.1 3.3n n n n n nx x y x x y+ = − + + −

1n ny x+ =

( )1 1n n nx x x+ = −

 ( ) ( ) ( )sin sin 2 sin 5 sin 15y x x x x= + + +



Attractor in 3D for gold Sunrise Dam.

This is the projection of a seven dimensional attractor into 3 dimensions



Brunton et al. Chaos as an intermittently forced linear system

Some other examples



An anatomy of a mineralising system.

Mineralising systems are nonlinear dynamical systems. 

Nonlinear systems behave chaotically but are highly organised and 

exhibit coherent structures and patterns.

The problem is to delineate and quantify these patterns.

The ultimate aim is to predict behaviour and patterns. 



Characteristics of a mineralising system.

• Operate far from equilibrium driven by the fluxes of energy and mass.

• Signals from drill core are a one dimensional projection of complex 

interactions between mineral reactions, deformation, heat flow 

and mass flow.

• Some interactions are strong and tend to control everything that happens.

• Some interactions are weak and are slaved to the strong interactions.

• In order to understand te mineralising process we need to understand 

which are the strong and weak interactions



The analysis of any nonlinear dynamical system depends on Taken’ s 

embedding theorem which states that

The full dynamics of a dynamical system may be uncovered from the 

data series of a single point measurement.

This allows the construction of an attractor for the system that is 

topologically equivalent to the the real attractor for the system.

These tasks are relatively straight forward for low dimensional systems 

where few processes operate. For high dimensional systems with many 

physical and chemical processes operating the task can be quite 

daunting.



The issues we need to address.

1. How many processes are operating?

2. Which are the strong ones and which are the weak ones?

3. Are there any long range correlations?

4. What spatial scales are involved?

5. What are the correlations between minerals in the system?

6. Are nonlinear predictions possible?

7. Can the alteration assemblage minerals be used to predict mineralisation?

8. Which ones are best?

9. What are the probability distributions for mineralisation and for alteration minerals?

10. Do these distributions change within the ore system? Do such changes correlate with grade?


