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Abstract
Mining operators strive to improve their tools for decision-making about water man-
agement to minimize risks and costs related to water quantity and quality issues. � ese 
issues are typically interrelated and complex such that interpretation and prediction of 
system dynamics requires implementation of innovative approaches that make use of 
observed data and fundamental hydrochemical concepts. We have developed an ap-
proach that couples the dynamic systems modelling framework of GoldSim with the 
geochemical reaction simulation capabilities of PHREEQC as described by Eary (2007). 
� e approach utilizes a dynamic link library (DLL) code to handshake and transfer data 
between the two programs at every model timestep. 

� e coupled GoldSim-PHREEQC approach simulates mixing and reactions taking 
place at key mixing points along � ow paths and at key water storage locations (e.g., 
ponds, tanks, pit lakes). Empirical factors a� ecting chemical loads can be calibrated to 
observed � ows and chemistry at multiple locations and then used for predicting future 
water quality as operating and environmental conditions change. 

Including geochemical reactions at each model time-step provides an e�  cient ap-
proach for applying a thermodynamic framework for understanding important geo-
chemical processes that a� ect water chemistry. � e approach also identi� es the subset 
of reaction processes that may not be well explained by thermodynamic-based calcula-
tions and require empirical adjustment and time periods in response to events such as 
facility shut downs, climate events, and closure and remediation. � e resulting calibrat-
ed model can be used to challenge our understanding of the reactions that are attenuat-
ing or not attenuating solutes at various site locations and to help understand, predict, 
and manage water quality going forward. 

� is modelling approach was applied to a proposed mine site in the northern Michi-
gan (U.S.A.) to simulate various stages of operational and closure conditions to predict 
the quality of water that will require treatment. � e model provided an e�  cient ap-
proach for making robust predictions of treatment requirements in terms of both water 
quality and quantity as a function of mine operations and closure.
Keywords: water balance, GoldSim, geochemical modelling, PHREEQC, water man-
agement, closure

Introduction
E� ective mine water management and clo-
sure planning require a system-wide under-
standing of both the water balance and chem-
ical balance. � ey also require modeling tools 
that can be used to answer speci� c questions 
important for planning, such as:
• How reliable is our water source (quality 

and quantity) and how much storage will 
we need?

• What treatment methods will be required 
to meet discharge standards?

• What is the most e�  cient way to reduce 
the water inventory when nearing clo-
sure?

• Will the pit lake require treatment and, if 
so, how can costs be minimized?

• Are there opportunities to blend or segre-
gate waste streams to reduce operational 
and closure cost and risk?
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� e foremost requirement for answering 
these types of questions is an accurate water 
and solute conceptual model, upon which, 
predictive models can be constructed using 
representative hydrologic, geochemical, and 
water chemistry data. 

Mine water � ows and chemistry are 
strongly interdependent and while they can 
be managed separately, there are signi� cant 
advantages to integrating � ow and chemistry 
evaluations. Historically, the common ap-
proach has been to evaluate � ow and reac-
tive chemistry separately and then integrate 
the results through approximation of sys-
tem dynamics. � e most common simula-
tion platform used for site-wide mine water 
and chemical balances with true temporal 
dynamics is GoldSim (GTG, 2017). Cou-
pling GoldSim with more advanced, reactive 
chemistry has typically involved manually 
porting output from the � ow model, as input 
to the reactive chemistry model. � is method 
necessarily required the user to extract a few 
timesteps over the life of the model period 
and set up the reactive chemistry model to 
simulate and predict the chemistry for these 
few timesteps. � is method is e� ective at pre-
dicting the general trends and overall chem-
istry at selected locations; however, it is not 
e� ective at evaluating short term trends (e.g., 
climatic e� ects and kinetically controlled re-
actions) without the time-consuming e� ort 
of exporting high-resolution timesteps. In 
addition, simulating even shorter-duration 
trends or events, such as upset conditions, or 
particular storm events was not practical. Re-
cent advances; however, have made it possible 
to couple these types of models using a link-
ing program to simulate the reactive chemis-
try at every timestep, e.g., monthly, daily, or 
hourly, thereby facilitating the simulation of 
short-term trends and episodic events. 

In this paper, we present a description of 
the approach for linking GoldSim to PHREE-
QC using a Dynamic Linking Library (DLL). 
� is approach provides a seamless link be-
tween GoldSim and PHREEQC to allow pro-
grams to handshake and transfer � ow and 
chemistry data between the two programs 
during each timestep. We also present a case 
study where this approach was used to pre-
dict the chemistry of various site sources and 
support water treatment plant design. 

Methodology
A variety of water balance and geochemical 
modeling platforms can be run in batch en-
vironments and/or link to other programs 
to share data. � e authors have successfully 
linked GoldSim with PHREEQC and with 
Geochemists Workbench (Bethke, 2018) in a 
variety of ways  via an external dynamic link 
library (DLL) � le.

� e following methods have been utilized 
for integrating PHREEQC calculations with 
the GoldSim model: 

Manual Method – � is method involves 
exporting GoldSim mass/volume results to 
a spreadsheet for post-processing at selected 
GoldSim time steps into values that can be 
manually entered into the PHREEQC in-
put � le. � is “hands-on” approach allows as 
much � exibility as needed to customize the 
PHREEQC model to suit the geochemical 
conditions. � is approach also provides an 
opportunity for modelers to provide a “com-
mon sense” check on both the GoldSim and 
PHREEQC outputs for each simulation. 
Some automation of this process can be built 
into the post-processing spreadsheet to speed 
up the process for multiple, similar runs.

Pre-Modeling Method – � is involves 
running a large number of PHREEQC mod-
els to create a database of various combina-
tions of mixing waters of di� erent types and 
di� erent ratios. Results are compiled as a set 
of mixing/reaction “type curves” and are used 
in GoldSim as multi-dimensional Lookup 
Table elements. Programming can be written 
into GoldSim to select the appropriate water 
chemistry from the Lookup Table. � is ap-
proach results in fast run-times for GoldSim 
(because it will not have to call PHREEQC 
during the model run) but is limiting because 
with more than one or two waters, the num-
ber of pre-modeling runs can be excessive. 
Also, if there are any changes in water chem-
istry or reaction conditions, pre-modeling 
would have to be re-done and re-submitted 
into the GoldSim Lookup Tables.

DLL (automated) Method – � is method 
involves setting up GoldSim to communi-
cate with PHREEQC via a DLL � le. Figure 1 
shows the overall concept. It involves setting 
up two approximately parallel models: one 
for the water balance and a second for the 
chemical balance. � e water balance keeps 
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track of � ows and storage. Flows are typically 
input as time series data. Storage is simulated 
through the use of reservoirs or pool model-
ing elements. In parallel, GoldSims tracks the 
chemical balance as masses of solute trans-
ferred in � ows over time. Typically, water 
chemistry data are input as time series, which 
when multiplied by � ow rates gives mass 
transfer rates. A modeling element called a 
cell pathway links the two parallel calculation 
sequences of the water balance and chemical 

balance together to produce concentrations 
for the storage reservoir. � is is not the only 
sequence of calculations that can occur but is 
perhaps the most common. 

� e bulk concentrations yielded by the 
cell pathway in GoldSim represent the result 
of conservative mixing, that is, no reactions 
are included. � e purpose of the DLL is to ac-
count for the e� ects of reactions on the bulk 
concentrations. To achieve this purpose, the 
DLL performs the following functions: re-

Figure 1 Conceptual depiction of the DLL operation
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ceives the bulk concentrations via GoldSim’s 
DLL interface and formats them for input 
to PHREEQC, runs PHREEQC, reads the 
PHREEQC outputs, and returns the results 
to GoldSim (Figure 1). � e returned con-
centrations represent the e� ects of chemical 
processes de� ned in the PHREEQC model 
on the bulk concentrations. � e equilibrated 
concentrations can then be used in subse-
quent modeling calculations. � e power of 
this approach is that these operations can 
be done at each time step of the model. � e 

negative aspect of this approach is that the 
run time can be very long, depending on the 
number of times PHREEQC is called for cal-
culations, timestep, and simulation period. 

Validation
One of the most common types of calculation 
needed in GoldSim models of water chemis-
try is mixing two or more waters with di� er-
ent chemical compositions. A typical scenar-
io is an acidic water mixing with an alkaline 
water. Under these circumstances, conserva-

Table 1 Validation Model Input Chemistry and Equilibrium Phases

Figure 2 Comparison of the DLL (automated) method to the pre-modelling (lookup table) method
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tive mixing calculations will not be represen-
tative of the � nal water chemistry because of 
the e� ects of aqueous speciation, mineral/gas 
solubility, and redox. 

Mixing an acidic water with an alkaline 
water is used here as a test case to compare the 
DLL (automated) method directly to the pre-
modeling method. In this comparison, the 
pre-modeling was done by mixing the solu-
tion chemistries in Table 1 in 1 percent incre-
ments to create a table of results representing 
100 possible outcomes resulting from mixing. 
� e mixing calculations assumed equilibrium 
with atmospheric O2(g) and CO2(g) and the 
solubilities of secondary solids of gypsum, 
ferrihydrite, and Al(OH)3(a) (Table 1). � e 
results from the calculations were used to 
construct a lookup table where the index to 
the resulting water chemistries is the mixing 
proportion. � e � ows are dynamic, so the 
mixing proportions change over time. � ese 
calculations were implemented in a GoldSim 
model.

For comparison, the same solution chem-
istries were input to a second GoldSim model. 
In this second model, the DLL functionality 
was added to allow the calls to PHREEQC to 
be performed at each time step. � e same set 
of equilibria as speci� ed in Table 1 was also 
used in this model. 

� e results from the two approaches are 
shown in Figure 2. � ere are small di� erences 
at the start of the simulation, but a� er about 
5 to 10 days, the results are very close. � ere 
are also small di� erences in pH at times when 
the � ows are changing rapidly due to the sen-
sitivities of the solubilities of ferrihydrite and 
Al(OH)3(a). � ese di� erences could be mini-
mized by increase the number of mixing in-
crements for the pre-modeling lookup table. 

Case Study – Water Treatment Plant 
Design at a Proposed Mine in North-
ern Michigan
� e Back Forty Project (Aquila Resources) 
is a gold-zinc sul� de mine project in the Up-
per Peninsula of Michigan in the northern 
United States. Aquila is evaluating future site 
water quality with respect to water treatment 
requirements in a strict regulatory environ-
ment with highly-sensitive ecological risk 
issues. � e sul� dic ore and waste pose acid-

generation risk; however, the groundwater 
that will enter the pit sump during operations 
is predicted to carry signi� cant alkalinity load 
which, based on the current mine plan, will 
mix with runo� /seepage from waste piles, 
stockpiles and tailings in engineered seepage 
collection systems and reservoirs. � is design 
has raised questions about the need for, type, 
and scale of water treatment that will be re-
quired for managing site water quality prior 
to surface water discharge via a permitted 
outfall.

A predictive, GoldSim-PHREEQC cou-
pled model was built based on the concep-
tual design of the site water circuit, presented 
in Figure 3. � e model was enabled with a 
stochastic precipitation data set to support 
probabilistic simulation to generate sto-
chastic/random precipitation events, when 
required. � e model was developed for the 
pre-operations construction period of 12 
months, the entire life of mine of 78 months, 
and pre-closure period of 3 months. Contact 
water and storm water � ow rates, associated 
with each of the facilities, was represented in 
the water balance portion of the model based 
on the projected facility size, material charac-
teristics, estimates of runo�  coe�  cients, and 
unsaturated in� ltration rates, as appropriate. 
Estimates of water chemistry, associated with 
each of the respective � ow components, were 
derived from either site-speci� c water qual-
ity data, process water chemistry data, or 
were derived from a signi� cant database of 
geochemical testing data from static and ki-
netic testing of site soil, waste rock, ore, and 
tailings materials. � e proposed mine mate-
rials balance for the site was used to assign 
chemical source terms to pit wall runo�  and 
waste rock piles containing a mixture of geo-
logic rock types. As described above, solute 
mass loading calculations were tracked in 
GoldSim for 41 chemical constituents (pH, 
alkalinity, major ions, and dissolved metals 
and metalloids). � e GoldSim model was 
linked via DLL coding to PHREEQC to apply 
geochemical speciation, redox, and mineral/
gas solubility controls to predict the chem-
istry of water to be treated that is collected 
in the Contact Water Basin (CWB) (Figure 
3). Results from PHREEQC were imported 
back into GoldSim at each timestep and used 
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in subsequent mixing calculations in the 
CWB. Flow and geochemical model predic-
tions were produced at several locations and 
through time over the life-of-mine modeling 
period. 

� e � nal product from this phase of work 
was a user-friendly modeling tool that could 
be updated and re� ned for future calibration 
and predictions of � ows and water chemistry 
at several points in the circuit. A major � nd-
ing of this phase was the importance of the 
alkalinity loading for maintaining circum-
neutral pH conditions in the in� ow to the 
water treatment plant (Figure 3). Identify-
ing this as a risk allowed Aquila Resources to 
direct e� orts toward improving con� dence 
in the pit groundwater in� ow rates through 
advancement of their hydrogeologic model-
ing in combination with their site groundwa-
ter quality dataset. Upcoming work includes 
updating the water chemistry model with re-
� ned site engineering plans, additional water 
quality and geochemical data, and extending 
the model into the post-closure period. 
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