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• We strive to understand, model, predict, control, and remediate 
the chemistries (ML-ARD) and flows of drainages from minesite 
components.  

• To do these tasks well, we must understand the underlying 
processes and fluxes that create or affect the chemistries and 
flows.  

• Simply: an improved understanding of what creates and affects 
water contamination at minesites can lead to more reliable 
modelling, prediction, control, and remediation.  

• Even more simply, reliably understanding an issue is a good first 
step in resolving it.

The Third Way



• For chemistries and flows from minesite components, the current 
understanding, conceptual models, and algorithms generally fall 
into one of two endpoint categories: deterministic and stochastic.
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are possible



However, there is a “Third Way”.
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• The Third Way can appear random and stochastic to the point that it can 
sometimes only be described statistically.  However, it is not random and 
can be deterministic.

• When deterministic, it cannot be described reliably with common 
mathematics or equations.

• For example, means, standard deviations, other statistical moments, 
correlation coefficients, and differential calculus are typically meaningless 
and mathematically invalid for the Third Way.
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• To understand well the Third Way, you have to minimize the concept of 
elapsing time, and think within the wavelength-frequency domain.  

• That is: the concentration or flow at particular moments in time are not as 
important as HOW the concentrations or flows vary, with superimposed 
amplitudes and wavelengths. 

• Here is a simple analogy to help you understand this Third Way:  Aqueous 
pH “hums or buzzes” at various frequencies and wavelengths.  Aqueous 
concentrations, such as arsenic, copper, and sulphate also hum and buzz.  
Even the physical aspect of flow rate hums, or buzzes, or vibrates.

• And this humming is at several wavelengths and amplitudes - somewhat 
like a choir, band, or orchestra.  Kirchner et al. (2004) wrote: “If we want to 
understand the full symphony of catchment hydrochemical behaviour, 
then we need to be able to hear every note.”  The humming is important to 
our understanding!

The Third Way

Kirchner, J.W., X. Feng, C. Neal, and A.J. Robson. 2004. The fine structure of water-quality dynamics: the (high-frequency) wave of the future. Hydrological Processes, 18, p. 1353-1359.



• What does this humming telling us about the physical, chemical, and 
biological processes affecting the concentrations and flow rates?

• What causes this multi-wavelength humming?

• Unfortunately, most databases of drainage from minesite components 
are not suitable to assess when the Third Way is appropriate.  This 
includes most laboratory cells and columns, on-site barrels and test 
piles, and full-scale minesite components.

• As a result, most past interpretations defaulted into deterministic or 
stochastic areas.

The Third Way
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conductivity 
measurements?

Aspects of 
Schrödinger's cat 

paradox

Kirchner, J.W., X. Feng, C. Neal, and A.J. Robson. 2004. The fine structure of water-quality dynamics: the (high-frequency) wave of the future. Hydrological Processes, 18, p. 1353-1359.



• Why should we be interested in the Third Way?  Here are a few 
examples out of many:

– Short-term peaks can lead to major environmental effects due to ecological aspects 
like:

• damage per unit of time,
• accumulating damage through time,
• damage at any concentration,
• temporally aligned or offset synergistic and antagonistic interactions, and
• slowly reversible or non-reversible uptake and binding of some metals and other elements.

– Highly variable and dynamic drainage chemistry may not respond to remediation or 
control as a deterministic model may predict.  

– Exceedances of regulatory limits by aqueous concentrations, as well as their means 
and standard deviations, become a function of sampling frequency and of the human-
selected day and time of sample collection.

– Mathematically accuracy is important.

– There would be consistency with many other fields of science and with mathematics, 
going back almost 200 years!

The Third Way



• In the short time I have here, I cannot explain in 
detail this Third Way.  

• To help, there are two free ebooks and several 
free supporting case studies at MDAG.com.  
These documents contain more than 700 pages, 
with many hundreds of diagrams.  

• The books:
– begin with basic theory and simple sine curves,
– include literature reviews and historical developments,
– end with detailed examples from full-scale minesite 

components and (for some MDAG online case studies) 
small-scale humidity cells, and

– contain good doses of skepticism :
• “Thus mathematics may be defined as the subject in which we never 

know what we are talking about, nor whether what we are saying is 
true.” Bertrand Russell

• “There are three kinds of lies: lies, damned lies, and statistics.” Mark 
Twain

The Third Way



The Third Way – Evaluation Tool for Spectral Analysis: Least 
Squares Spectral Analysis Using the Lomb-Scargle Algorithm

Typical of most environmental data, the minesite-drainage data in this study are 
discontinuous and not equally spaced.  Therefore, the Lomb-Scargle algorithm 

was used for least-squares spectral analysis, as provided on line for free by 
NASA and CalTech for exoplanet detection.  Rocket scientists use it!

Lomb-Scargle includes aspects of (1) least squares analysis, (2) Fourier 
analysis, and (3) Bayesian probability (VanderPlas, 2018).

“This research has made use of the NASA Exoplanet Archive, which is operated by the California 
Institute of Technology, under contract with the National Aeronautics and Space Administration under 

the Exoplanet Exploration Program.” (Akeson et al., 2013)

Akeson et al.  2013. The NASA Exoplanet Archive: Data and Tools for Exoplanet Research. Publications of the Astronomical Society of the Pacific, 125, p.989-999.

VanderPlas, J.T. 2018. Understanding the Lomb-Scargle periodogram. The Astrophysical Journal Supplement Series, 236:16, p. 1-28.



• Can the timing of fast-response turbulent flow be distinguished from the slower-
response laminar flow based on changes in slope (α) in the spectral analysis?

• If the turbulent flow can be distinguished, does the spectral slopes of the aqueous 
chemical elements also show matching slope changes and thus indicate chemical 
trends vary with flow regime?

• Do spectral slopes of various elements show similar trends, noted as "universal" in 
non-mining-related watersheds with lower aqueous concentrations?

• Because pH is an indicator of minesite-drainage chemistry and the dynamic 
geochemical tension controlling it, which elements show spectral slopes similar to 
pH?

• Can electrical conductivity, which can be recorded and logged in-field at high 
frequencies, act as a surrogate for spectra of individual elements?

• What do the spectral slopes tell us about the myriad physical, chemical, and 
biological processes operative in "open systems" at minesites?

The Third Way –
Examples of Issues Addressed by Spectral Analysis



The Third Way – Evaluation Tool for Wavelet Transforms

Keitt, T.H. 2008. Coherent ecological dynamics induced by large-scale disturbance. Nature, 454, p. 331-335.

R Core Team (2016). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Accessed at: www.R-project.org/

RStudio Team (2015). RStudio: Integrated Development for R. RStudio, Inc., Boston, MA, USA. Accessed at: www.rstudio.com/

• This study used the continuous complex-valued Morlet wavelet, with a method 
(Keitt, 2008) for handling the unevenly spaced and irregular minesite-monitoring 
data that invalidates most wavelet software.

• For each wavelet diagram, many tens of thousands of wavelet coefficients were 
obtained using Package “mvcwt” in the free R Language Version 3.4.4 (R Core 
Team, 2016), with the free Rstudio 1.1.447 user interface (Rstudio Team, 2015). 

• Package “mvcwt” provided phase information (positive and negative) through the 
real parts of these complex coefficients to reveal periodicity. 

• Edge effects, scale leakage, and “detection limits” were included in the 
interpretations. However, statistical significance was dismissed so that log-log 
slopes, like 1-over-f slopes, were still evaluated. 



• The completion of a fine-grained cover over a full-scale waste-rock pile resulted in 
a rapid change in chemical periodicity, but its effect on flow periodicity appeared 
four years afterwards and began to fade after nine years.

• Are geochemical transitions from near-neutral to acidic conditions in minesite 
drainage chaotic or organized?

• What are the common wavelengths at which relatively strong periodicity and 
wavelet power are seen at minesites?

• Can wavelet transforms be reconciled with 1-over-f spectral slopes in minesite 
drainage?

• What are the dominant similarities, and occasional differences, between wavelet 
transforms of pH and those of various aqueous elements?

• How do tailings-impoundment dams change the periodicity of seepage from the 
tailings?

• How does closure and filling of a pit affect the annual periodicity of its aqueous 
chemistry?

The Third Way –
Examples of Issues Addressed by Wavelet Transforms



This rhythmic “heartbeat” or “humming” pattern is typical of full-scale sulphidic waste-
rock piles that act like geochemical “batteries”.  Reaction rates are typically higher than 
annual drainage can flush out.  So the geochemical battery charges up, then slowly 
and steadily discharges for many decades to centuries.
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• Here are more full-scale examples of humming by aqueous concentrations 
and by physical flow rates, based on hundreds to tens of thousands of 
measurements.
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• Here are full-scale examples of spectral analysis of the humming by 
aqueous concentrations and by physical flow rates.  Notice the straight-
line slopes on these log-log plots.  They are signs of fractal distributions.
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• Although spectral analysis has been in use for nearly 200 years, such analyses of 
minesite-drainage chemistry and ML-ARD produced some anomalous patterns 
(see the white arrows below).  I could not find these anomalies mentioned in any 
other science, based on literature reviews and online searches.  

• One confirmed cause is highly variable (relative to retention capacity) upstream/ 
upgradient ponding of water.  Examples are an aquitard, or a topographic 
depression covered by rock or tailings, or simply an engineered holding pond.
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• Here are full-scale examples of wavelet transforms (and one humidity cell) 
of the humming by aqueous concentrations and by physical flow rates.  

The Third Way



• Spectral 1-over-f slopes have turned out to be common, sometimes called 
“ubiquitous”, across the fields of science and art.  Some examples:
• earthquakes (described through the Gutenberg–Richter law) and their 

aftershocks, 
• landslides, 
• light from quasars, 
• DNA sequences, 
• weather data, 
• highway traffic flow, 
• river flow, tides, 
• heart beats, 
• neural activity, 
• biologic evolution,
• solar flares,

• psychological models,
• electrical current,
• epidemics, 
• musical styles, 
• insulin uptake, 
• economic trends, 
• forest fires, 
• automotive paint, 
• cavitation in pumps,
• non-mining catchments (2000!),

• and, now, in full-scale drainages from highly reactive 
geological materials at minesites (Morin, 2016) and in cells.

Morin, K.A. 2016. Fractal 1/f temporal trends in minesite drainage from waste-rock dumps. IN: 14th Experimental Chaos and Complexity Conference, 
May 16-19, Banff Center, Banff, Canada

Morin, K.A. 2017. Spectral analysis for identifying interactions of physical, geochemical, and biological processes creating contaminated drainages at minesites.
IN: GeoOttawa 2017, the 70th Canadian Geotechnical Conference and the 12th Joint CGS/IAH-CNC Groundwater Conference, October 1-4, Ottawa, Ontario.

The Third Way: 1-Over-f Slopes



Figure from: Halley, J.M., and P. Inchausti. 2004. The increasing importance of 1/f-noises as models of ecological variability.  Fluctuation and Noise Letters, 4, p. R1-R26.

• The 1-over-f slopes lay on the precarious boundary between statistical 
stationarity and non-stationarity, between order and randomness, and 
between two different fractal models. 

• The equation for increasing statistical variance with decreasing 
wavelength is unique to 1-over-f slopes vs. other spectral slopes.

The Third Way: 1-Over-f Slopes



Figure from: Halley, J.M., and P. Inchausti. 2004. The increasing importance of 1/f-noises as models of ecological variability.  Fluctuation and Noise Letters, 4, p. R1-R26.

• According to some mathematics, these 1-over-f slopes are not stable and 
should break down quickly, but they do not.  

• They have “memory” of previous values and conditions which future 
values are based on, sort of like random-walk but unlike random.

The Third Way: 1-Over-f Slopes



The Third Way: 1-Over-f Slopes
• As Bak (1996) confessed,

• “We became obsessed with the origin of the mysterious phenomenon of 1/f 
noise, or more appropriately, the 1/f ‘signal’ that is emitted by numerous 
sources on earth and elsewhere in the universe.”

• This interest continues today, with Wikipedia (2016) saying,
• “There are many theories of the origin of [1-over-f] pink noise. . . .  Universal 

theories of pink noise remain a matter of current research interest.”

• Ward and Greenwood (2010) add,
• “. . . the ubiquity of 1/f noise is one of the oldest puzzles of contemporary 

physics and of science in general.”

• There are many potential explanations for 1-over-f spectral slopes, and 
likely no one explanation accounts for most observations.

Bak, P. 1996. How Nature Works: The Science of Self-Organized Criticality. Springer Science + Business Media, LLC. ISBN 978-0-387-98738-5. DOI 10.1007/978-1-4757-5426-1.

Ward, L.M., and P.E. Greenwood. 2010. The mathematical genesis of the phenomenon called “1/f noise” (10frg132).  Final Report of the workshop. The Banff International 
Research Station for Mathematical Innovation and Discovery, June 6-12.

Wikipedia.org. 2016. Pink Noise. Accessed January 2016 at en.wikipedia.org/wiki/Pink_noise



Conclusion:
The Third Way =

Fractal Waveforms of Minesite-Drainage Chemistries and Flows
• Wherever sufficiently high-frequency and long-term full-scale databases have 

been collected, in both mining and non-mining drainages, of both flow rate and 
aqueous chemistry, the Third Way of fractal waveforms has so far always (100%) 
been identified as appropriate.  Deterministic or stochastic approaches were not 
appropriate.

• Wherever insufficient databases have been collected precluding an evaluation of 
the Third Way, deterministic or stochastic approaches have been used.

• From earlier: an improved understanding of what creates and affects water 
contamination at minesites can lead to more reliable modelling, prediction, control, 
and remediation. 

• Or, from Kirchner (2006): “… scientific progress will mostly be achieved through 
the collision of theory and data, rather than through increasingly elaborate and 
parameter-rich models that may succeed as mathematical marionettes, dancing to 
match the calibration data even if their underlying premises are unrealistic.”

Kirchner, J.W.  2006.  Getting the right answers for the right reasons: Linking measurements, analyses, and models to advance the science of hydrology.
Water Resources Research, 42, W03S04.  Doi: 10.1029/2005WR004362



Conclusion:
The Third Way =

Fractal Waveforms of Minesite-Drainage Chemistries and Flows

• Therefore, for NRC and the Canada-Germany-UK international research 
program, I think fractal waveforms of minesite drainage could be:

• (1) an interesting, unique, and informative topic for detailed research,
using

• (2) mature and well-documented evaluation tools from other sciences 
(like from rocket science and space exploration!).



THE END




