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Abstract

Empirical Drainage-Chemistry Models (EDCMs) are statistical models for describing past

and current minesite-drainage chemistry and for predicting future chemistry.  

EDCMs for existing minesites reflect the complex, multiplicative contributions from all major and

minor physical, chemical, and biological processes operating on the full scale, often significantly

affected by pH.  The effects of many processes do not emerge on smaller scales and thus cannot be

fully captured by smaller-scale tests.

As a result, EDCMs for proposed minesites have different objectives.  They focus on predicting pH-

dependent maximum equilibrium concentrations from various scales of laboratory kinetic tests, on-

site kinetic tests, and site monitoring data (from the integrated “Wheel” approach).  This approach

is similar to, but more comprehensive and flexible, than the U.S. EPA Leaching Environmental

Assessment Framework (LEAF).

An EDCM should be dynamic and updated throughout the life of a minesite to ensure that it

accurately reflects local drainage chemistry.  In this way, it can be an increasingly reliable predictive

tool to ensure site closure in a timely and responsible manner.

Résumé

Les modèles empiriques de la chimie des eaux de drainage sont des modèles statistiques permettant

de décrire la qualité des eaux d'un site dans le passé et dans le présent mais aussi pour prédire la

qualité des eaux dans le futur.

Les modèles empiriques pour les sites miniers existants reflètent les contributions complexes et

multiplicatives des processus physiques, chimiques et biologiques qui sont en cause dans une

opération à grande échelle et souvent affectés de façon significative par les valeurs de pH. L'effet,

la combinaison et l'interaction de plusieurs de ces processus n'apparaissent pas lors d'essais à petite

échelle et par conséquent, ne peuvent être mesurés lors d'essais sur de plus petits échantillons. 

Par conséquent, les modèles empiriques développés ont ainsi différents objectifs. Ces modèles
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mettent l'emphase sur la relation qui existe entre le pH et la concentration maximum à l'équilibre de

certains paramètres à partir d'essais cinétiques en laboratoire, sur le terrain et des données de suivi

sur un site minier (l'approche intégrée “wheel approach “). Cette approche est similaire à celle du

U.S. EPA Leaching Environmental Assessment Framework (LEAF) tout en étant plus flexible.

Un modèle empirique de la chimie des eaux de drainage doit être dynamique tout au long de la vie

de la mine afin de s'assurer qu'il reflète les conditions prédites avant le projet minier mais aussi parce

qu'il peut être ensuite utilisé comme outil de prédiction fiable afin de s'assurer la restauration d'un

site de façon responsable.

1. Existing-Minesite Empirical Drainage-Chemistry Models

Since 1990, hundreds to thousands of water analyses from existing individual minesites,

typically spanning many years to decades, have been compiled into Empirical Drainage-Chemistry

Models or EDCMs (e.g., Morin, 2015; Morin and Hutt, 1994; 2010a, and 2010b; Morin et al., 1995,

2010, and 2012).  

EDCMs show that aqueous concentrations of many elements at minesites display trends primarily

with pH but also sometimes with aqueous sulphate and aqueous electrical conductivity.  Examples

are shown in Table 1-1 and Figures 1-1 to 1-3.  Put simply, EDCMs for existing minesites are

intensive statistical summaries of past and current water chemistries, including short-term

variabilities, and implicitly include predictions of future water chemistry as pH changes or remains

about the same.

As part of an EDCM, the “best-fit” pH-dependent equation for a particular element at a particular

minesite reflects the mean value based on the three-dimensional distribution of measured aqueous

concentrations (Table 1-1).  This is not easily seen in two-dimensional diagrams like Figure 1-1a or

the top diagrams of Figure 1-3.  Nevertheless, statistical distributions of concentrations within

specific pH ranges, representing the third dimension, are typically lognormal, centered around the

best-fit line (Figure 1-1b and the bottom diagrams of Figure 1-3.).  For a single element, the best-fit

equation and its log standard deviation vary with each minesite and sometimes even with each

minesite component at a minesite (Morin et al., 2001).

In an existing-minesite EDCM, the lognormal distributions with their associated standard deviations

in logarithmic cycles represent the multiplicative products of the variability of each major and minor

physical, chemical, biological processes affecting aqueous concentrations.  Because the effect of each

process is multiplicative, the lack of inclusion of any one process, even if minor, means that the

variability cannot be explained or predicted well.  This is why the limited and biased selection of

“scaling factors” typically leads to arbitrary and unreliable results for full-scale minesite components

(Morin, 2013 and 2014; Morin and Hutt, 2007).
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Table 1-1.  An example of an existing-minesite Empirical Drainage-Chemistry Model

(EDCM), including an open pit, several waste-rock dumps, and a tailings impoundment

(from Morin and Hutt, 1997 and 2001)

Parameter pH Range Best-Fit Equation Log(Std Dev)

Acidity

pH < 3.5 log(Acid) = -0.932pH +5.864

0.345
pH > 3.5 log(Acid) = -0.360pH + 3.862

Alkalinity pH > 4.5 log(Alk) = +0.698pH - 3.141 0.654

Dissolved Aluminum

pH < 6.0 log(Al) = -0.925pH + 4.851

0.429
pH > 6.0 Al = 0.2 mg/L

Dissolved Arsenic < 0.2 mg/L 0

Dissolved Cadmium

pH < 3.0 Cd = 0.07 mg/L

0
pH > 3.0 Cd = 0.015 mg/L

Dissolved Calcium log(Ca) = +0.619log(SO4) + 0.524 0.375

Dissolved Copper

pH < 3.4 log(Cu) = -1.485pH + 6.605

0.692
3.4<pH<5.4 log(Cu) = -0.327pH + 2.666

pH > 5.4 log(Cu) = -1.001pH + 6.307

Total Copper log(CuT) = +0.962log(CuD) + 0.180 0.23

Dissolved Iron

pH < 4.4 log(Fe) = -1.429pH + 6.286

0.807
pH > 4.4 log(Fe) = -0.455pH +2.000

Total Iron If diss Fe>1.0, total Fe=diss Fe 0

Dissolved Lead Pb = 0.05 mg/L 0

Dissolved Nickel log(Ni) = -0.317pH + 0.853 0.607

Total Nickel total Ni = diss Ni 0.613

Dissolved Selenium Se = 0.2 mg/L

Dissolved Silver Ag = 0.015 mg/L

Dissolved Zinc log(Zn) = -0.441pH + 1.838 0.667

Total Zinc total Zn = diss Zn 0.144
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Best-Fit Equation for 3.0=>pH =>5.5,
  and Cu-D > 1 mg/L:
    log(Cu-D) = -0.48982*pH + 3.32581
      Log standard deviation = 0.43962
      Count = 499
      Sum of prediction errors = -1.0E-06

Best-Fit Equation for pH <3.0,
  and Cu-D > 10 mg/L:
    log(Cu-D) = -1.17265*pH + 5.37432
      Log standard deviation = 0.37011
      Count = 137
      Sum of prediction errors = +1.0E-06

Best-Fit Equation for pH>5.5:
  log(Cu-D) = -1.04518*pH + 6.38030
      Log standard deviation = 0.81956
      Count = 4757
      Sum of prediction errors = -8.9E-13
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Best-Fit Equation for pH <3.0,
  ignoring Cu-D < 10 mg/L:
    log(Cu-D) = -1.17265*pH + 5.37432
      Log standard deviation = 0.37011
      Count = 137
      Sum of prediction errors = +1.0E-06
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Best-Fit Equation for 3.0=>pH =>5.5,
  and Cu-D > 1 mg/L:
    log(Cu-D) = -0.48982*pH + 3.32581
      Log standard deviation = 0.43962
      Count = 499
      Sum of prediction errors = -1.0E-06
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Best-Fit Equation for pH>5.5:
  log(Cu-D) = -1.04518*pH + 6.38030
      Log standard deviation = 0.81956
      Count = 4757
      Sum of prediction errors = -8.9E-13

a) Best-fit equation for dissolved copper vs. pH,

representing the pH-dependent average-annual concentration

b) Lognormal distributions around the average-annual concentration (zero on the x-axis),

for pH less than 3.0 (left diagram), between 3.0 and 5.5 (middle), and above 5.5 (right diagram)

Figure 1-1.  An example of (a) pH-dependent annual-average values for dissolved copper, with

(b) shorter-term (sub-annual) lognormal distributions around the annual average (from

Morin and Hutt, 2010a).
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If data was reported as < detection limit,
then half detection limit was used.

For pH < 3.2,
log(Acidity) = -2.256 * pH + 9.638
  Standard Deviation = 0.4203
  Sum of Errors = -9.9999E-07
  Datapoints = 3462

For 3.2 <= pH < 6.0,
log(Acidity) = -0.2815 * pH + 3.2440
  Standard Deviation = 0.3385
  Sum of Error = -2.6912E-13
  Datapoints = 1054

5339 datapoints in total

Figure 1-2.  A full-scale example of pH-dependent trends in aqueous concentrations of

acidity, based on 5339 analyses (from Morin et al., 2010 and 2012) in an existing-

minesite Empirical Drainage-Chemistry Model (EDCM).
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Figure 1-3.  Older examples of acidity (left side) and copper (right side); pH-dependent

annual-average values for acidity (upper left) with shorter-term (sub-annual)

lognormal distribution around the annual average (lower left); annual-average values

for copper (upper right) with shorter-term (sub-annual) lognormal distribution around

the annual average (lower right) (from Morin et al., 1995).
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If normal distributions rather than lognormal distributions were common, the additive sum of each

process would show that only the major contributing processes are important.  However, this is not

the case for multiplication, lognormal distributions, and most full-scale minesite-drainage chemistry.

Many processes contributing to full-scale aqueous concentrations are fully emergent only during full-

scale mining (Morin, 2014 and 2019a; Morin and Hutt, 2007).  Thus, many processes can affect

aqueous concentrations only during full-scale mining and, in turn, are not quantifiable or predictable

under smaller-scale conditions.  This is an important observation for proposed minesites that do not

yet exist on full scales (see Section 2 below).

The pH-dependent equations for a particular element can show breaks in slopes at particular values

of pH (Table 1-1 and Figures 1-1a and 1-2).  These reflect the pH values of aqueous buffering points

and changes in solid-phase minerals controlling the aqueous concentrations.

The pH-dependent equations and their log standard deviations are approximations of power laws

(Morin, 2015) that implicitly include aspects like scale independence (Wikipedia, 2023) and fractal

trends on all scales of elapsed time (Morin, 2016, 2018a, and 2019a).  This is why aqueous

concentrations in minesite drainage, when sampled at high-frequencies for long durations, (1) are

not simple or steady, (2) are found to be neither deterministic nor stochastic (Morin, 2018b), and (3)

are not random or chaotic (Morin, 2019b).  Mathematically, the pH-dependent equations can become

even more complicated because pH itself is a negative logarithm of the aqueous activity of [H+].
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2. Proposed-Minesite Empirical Drainage-Chemistry Models

As explained above in Chapter 1, EDCMs for existing minesites reflect full-scale conditions,

including emergent processes whose effects on concentrations arise only with full-scale conditions

and are multiplicative with all other contributing processes.  EDCMs for existing minesites are

statistical summaries of past and current water chemistries, and implicitly include predictions of

future water chemistry as pH changes.  This leads to the question: how can full-scale aqueous

concentrations be predicted in advance for a proposed minesite?

The obvious answer is: average full-scale concentrations and their variabilities for proposed

minesites cannot be predicted reliably using the existing-minesite EDCM approach of Section 1

above.  Instead, with caution in mind, there is a similar EDCM approach for proposed minesites that

focusses on predicting the “maximum equilibrium” aqueous concentrations, which can be dependent

primarily on pH (and sometimes on aqueous sulphate and/or aqueous electrical conductivity).  This

simplifies predictions for more than 30 elements and parameters into a prediction for pH based on

various empirical and theoretical options.

Some examples of proposed-minesite EDCMs (normally containing more than 30 predicted elements

and parameters) are shown in Tables 2-1 and 2-2 and Figures 2-1 to 2-4.  Again, the intent of a

proposed-minesite EDCM is to predict the full-scale maximum aqueous concentrations, and not the

mean concentration along with a logarithmic standard deviation around this mean as with existing-

minesite EDCMs in Section 1 above.

The predictions of maximum aqueous concentrations involve the compilation of every single

available water analysis for a proposed minesite (no averaging allowed), including laboratory-based

kinetic tests, on-site field kinetic tests, and monitoring.  Then, a maximum-concentration line is

drawn near the highest concentrations in each pH range (e.g., Figures 2-1 to 2-4).  Next, speciation-

solubility programs like Minteq or PHREEQC are used to determine whether the predicted

maximum concentrations in various pH ranges of the proposed-minesite EDCM are reasonable.  This

is based on the Saturation Indices of relevant minerals being close to generic equilibrium and

solubility (e.g., Table 2-3).

The proposed-minesite EDCM is similar in intent and objectives to the recent Leaching

Environmental Assessment Framework (LEAF)  from the U.S. Environmental Protection Agency

(2019).  This can be seen in U.S. EPA LEAF pH-dependent trends in Figures 2-5 and 2-6 below. 

However, LEAF methods are more limited than the EDCM due to LEAF test conditions such as:

(1) single-scale methods providing fewer datapoints than used here, 

(2) air-tight vessels that may limit oxidation reactions, and 

(3) the assumption that maximum equilibrium is reached based on specified generic contact

times for specific particles sizes (e.g., 24-hour contact time to 85-wt-% passing 0.3

mm).

Nevertheless, the objectives and interpretations here for pH-dependent maximum aqueous

concentrations from the proposed-minesite EDCMs are similar to those of the U.S. EPA LEAF.
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Table 2-1.  An example of a proposed-minesite EDCM based on compiled water analyses

from laboratory kinetic tests, on-site kinetic tests, and on-site monitoring data

Dissolved Parameter (mg/L) Equation

Alkalinity log10(Alk) = 0.75*pH - 3.10

Acidity log10(Acid) = -0.45*pH + 4.80

Sulphate pH < 5.4, log10(SO4) = -0.40*pH + 5.60

pH >= 5.4, log10(SO4) = +3.447 or SO4 = 2800 mg/L

Chloride log10(Cl) = +1.602 or Cl = 40 mg/L

Fluoride log10(F) = -0.35*pH + 2.20

Conductivity (in uS/cm) pH < 5.4, log10(Cond) = -0.40*pH + 5.75

pH >= 5.4, log10(Cond) = +3.602 or Cond = 4000 uS/cm

Aluminum if pH<5.6, log10(Al) = -1.30*pH + 6.60

if pH => 5.6, log10(Al) = -0.700 or Al = 0.2 mg/L

Antimony log(Sb) = -3.000 or Sb = 0.001 mg/L

Arsenic log10(As) = -1.301 or As = 0.05 mg/L

Boron log10(B) = -0.155 or B = 0.7 mg/L

Barium log10(Ba) = +0.6*log10(SO4) -2.20

Beryllium log10(Be) = -0.75*pH + 1.70

Bismuth log10(Bi) = -3.699 or Bi = 0.0002 mg/L

Cadmium log10(Cd) = -0.70*pH + 2.60

Calcium log10(Ca) = +0.70*log10(SO4) + 0.40

Chromium log10(Cr) = -1.00*pH + 4.30

Cobalt if pH<6.7, log10(Co) = -0.40*pH + 2.20

if pH =>6.7, log10(Co) = -2.10*pH + 13.7

Copper log10(Cu) = -0.70*pH + 3.5

Iron if pH<6.0, log10(Fe) = -0.60*pH + 6.00

if pH =>6.0, log10(Fe) = -1.500*pH + 11.4

Lead log10(Pb) = -0.70*pH + 2.10

Lithium if pH<6.0, log10(Li) = -0.40*pH + 1.00

if pH =>6.0, log10(Li) = -1.398 or Li = 0.04 mg/L

Magnesium log10(Mg) = +0.80*log10(SO4) - 0.30

Manganese log10(Mn) = +1.00*log10(SO4) - 1.70

Mercury log10(Hg) = -3.823 or Hg = 0.00015 mg/L



MDAG.com Case Study 78 - Comparisons of ... EDCMs for Existing and Proposed Minesites Page 10

Dissolved Parameter (mg/L) Equation

Molybdenum log10(Mo) = +0.55*pH - 5.80

Nickel if pH<7.0, log10(Ni) = -0.20*pH + 2.5

if pH =>7.0, log10(Ni) = -2.70*pH + 20.0

Phosphorus log10(P) = -1.523 or P = 0.03 mg/L

Potassium log10(K) = +0.40*log10(SO4) + 0.20

Selenium log10(Se) = -0.5*pH + 0.60

Silicon log10(Si) = -0.10*pH + 1.80

Silver log10(Ag) = -0.25*pH - 2.00

Sodium log10(Na) = +0.60*log10(SO4) - 0.30

Strontium log10(Sr) = +0.55*log10(SO4) - 1.60

Thallium log10(Tl) = -3.000 or Tl = 0.001 mg/L

Tin log10(Sn) = -2.523 or Sn = 0.003 mg/L

Titanium log10(Ti) = .2.301 or Ti = 0.005 mg/L

Uranium if pH<6.5, log10(U) = -0.90*pH + 2.6

if pH =>6.5, log10(U) = +0.70*pH - 7.7

Vanadium log10(V) = -2.699 or V = 0.002 mg/L

Zinc if pH<7.0, log10(Zn) = -0.35*pH + 3.4

if pH =>7.0, log10(Zn) = -2.10*pH + 15.7
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Table 2-2.  A limited excerpt from another proposed-minesite EDCM

Dissolved Parameter (mg/L) Equation

Alkalinity log10(Alk) = 0.80*pH - 3.80

Acidity log10(Acid) = -0.42*pH + 4.10

Hardness pH based: log10(Hardness) = +3.08 or Hardness = 1200 mg/L

EC based: log10(Hardness) = 1.20*log10(Conductivity) - 0.90

Fluoride log10(F) = -0.15*pH + 0.60

Aluminum if pH<7.0, log10(Al) = -0.65*pH + 3.10

if pH$7.0, log10(Al) = -0.20*pH - 0.05

Antimony ROCK: pH based: log10(Sb) = +0.50*pH - 4.80

TAILINGS: pH based: log10(Sb) = +0.50*pH - 3.60

Arsenic ROCK: pH based: log10(As) = -0.40*pH + 1.50

TAILINGS: pH based: log10(As) = -0.40*pH + 2.20

Barium if pH<5.8, log10(Ba) = 0.50*pH - 3.30

if pH$5.8, log10(Ba) = -0.50*pH + 2.50

Beryllium log10(Be) = -0.40*pH - 1.60

Cadmium if pH<7.8, log10(Cd) = -0.25*pH - 1.60

if pH$7.8, log10(Cd) = -1.50*pH + 8.15

Copper if pH<7.7, log10(Cu) = -0.45*pH + 1.05

if pH$7.7, log10(Cu) = -0.05*pH - 2.00

Iron log10(Fe) = -0.70*pH + 4.30

Manganese if pH<7.7, log10(Mn) = -0.15*pH + 1.00

if pH$7.7, log10(Mn) = -1.10*pH + 8.30

Molybdenum ROCK: log10(Mo) = +0.20*pH - 2.80

TAILINGS: log10(Mo) = +0.20*pH - 1.70

Nickel log10(Ni) = -0.20*pH - 0.80

Silver if pH < 8.0: log10(Ag) = -0.25*pH - 2.65

if pH $ 8.0: log10(Ag) = +1.30*pH - 15.05

Tellurium log10(Te) = +0.10*pH - 4.30

Tungsten log10(W) = +0.70*pH - 7.40

Vanadium log10(V) = -0.2*pH - 1.90

Zinc log10(Zn) = -0.30*pH + 1.00
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Table 2-3.  Minerals identified by Minteq as close to solubility and thus likely accounting

for the maximum aqueous concentrations in a proposed-minesite EDCM

Parameter Minerals Close to Generic Equilibrium

Alkalinity
Calcite, rhodocrosite, strontianite, alunite (KAl3(SO4)2(OH)6),

Al4(OH)10SO4

Aluminum
Halloysite, hercynite (Fe2+Al2O4), Al4(OH)10SO4, Al2O3, alunite

(KAl3(SO4)2(OH)6), Al(OH)3, imogolite (Al2SiO3(OH)4)

Antimony SbO2

Arsenic BaHAsO4.H2O

Barium Barite, BaHAsO4.H2O

Calcium Calcite, gypsum

Iron pQ = 36.61, hercynite (Fe2+Al2O4)

Potassium Alunite (KAl3(SO4)2(OH)6)

Silicon Quartz, imogolite (Al2SiO3(OH)4)

Strontium Celestite, strontianite

Sulphate Gypsum, Al4(OH)10SO4, celestite, barite, alunite (KAl3(SO4)2(OH)6), 

Tin Sn(OH)4

1 pQ = -log10[Fe3+] - 3*log10[OH-]; pQ values around 36 indicate aged ferric iron is likely

dissolving, and pQ values around 34 indicate ferric iron is likely precipitating.
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Figure 2-5.  A laboratory-scale example of pH-dependent maximum-solubility trends for

four aqueous elements (from U.S. EPA, 2019).
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Figure 2-6.  Generic pH-dependent trends in aqueous concentrations (from U.S. EPA,

2019).
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3. Conclusion

Increasingly, geochemists and contaminant hydrogeologists are called upon to predict the

chemistry and quality of contact waters on minesites in order to be able to quantify the impacts of

these waters on the quality of surface and underground waters or to design water treatment plants. 

Empirical drainage-chemistry models (EDCMs) are a key part of this process.

For existing minesites, the EDCM approach provides a proven way to summarize past and current

full-scale on-site water quality.  It also provides predictions of future water quality under changing

conditions.

For proposed minesites, the predictions of full-scale water quality cannot be made using a single

scale and a single test such as a laboratory-based humidity cell (see Figure 3-1 below). The combined

results of several tests on several scales, reflecting the “Wheel” approach (Morin and Hutt, 1997,

1998, 1999, and 2001), make it possible to build an EDCM.

An EDCM should be dynamic and updated throughout the life of a minesite to ensure that it

accurately reflects local drainage chemistry.  In this way, it can be an increasingly reliable predictive

tool to ensure site closure in a timely and responsible manner.
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Figure 3-1.  The “Wheel” approach for predicting future drainage chemistry at a proposed

minesite involving many important “spokes”, from which an EDCM draws its data

(adapted from Morin and Hutt, 1997, 1998, 1999, and 2001).
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