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ABSTRACT

The time interval between the prediction of pit lake water quality and the determination of actual pit lake
water quality following pit lake filling can be decades to centuries. This presents a significant challenge to
pit lake modelers, mining companies, and other stakeholders who wish to validate pit lake water quality
predictions. To address this challenge, Eary and Castendyk (2009) recommended the construction of a
database of pit lake data to “...allow modelers to anticipate future water quality based on reported trends,
compare observed values to initial predictions, and scrutinize models to identify accuracies and
inaccuracies in modeling approaches.” The International Network for Acid Prevention (INAP) funded the
development of a searchable database of published water quality from existing pit lakes in 2010 (presented
at ICARD 7). Since then, over 2,600 water quality observations from 271 pit lakes and 25 ore body types
(using the USGS Geoenvironmental designation) have been added. The cloud-based database includes
values for up to 49 parameters for each water sample, plus a reference to the data source as well as raw
data available for download from a given pit lake or ore body type. Time series plots, Ficklin diagrams,
concentration vs. depth plots, box and whisker plots, and Piper diagrams can all be generated using the
Microsoft PowerBI-based graphical user interface. The applications of this pit lakes database are
numerous, including the validation of pit lake models using data collected from similar ore bodies, and
potentially integrating the compiled data into meaningful water quality predictions using machine learning
and artificial intelligence.
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INTRODUCTION

Pit Lakes

Pit lakes are a byproduct of surficial mining after mining activities cease and the water table rebounds
(Schultze et al. 2022). Inflowing groundwater interacts with the exposed wall rock and has the potential to
alter the water chemistry within the pit lake (Johnson and Castendyk 2012). According to the International
Network for Acid Prevention (INAP), three types of mine water are generally recognized: acid mine
drainage, neutral mine drainage, and saline drainage (INAP 2011) (Table 1). Pit lakes have the capacity to
store these types of mine water and can affect the surrounding water resources and ecosystems over time.
As a result, predicting pit lake water quality is paramount in identifying the potential impact that a pit lake
may have on the receiving environment.

Table 1. Characteristics of mine drainage (INAP 2011)

Acid Mine Drainage Neutral Mine Drainage Saline Drainage
- Low pH (<6) - Near neutral to Alkaline pH (6- | - Neutral to Alkaline pH (6-8)
- Moderate to elevated metal 8) - Low metal concentrations
concentrations - Low to moderate metal - Moderate sulfate, magnesium,
- Elevated sulfate concentrations | concentrations and calcium concentrations

- Low to moderate sulfate

concentrations
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Objectives

This paper provides an update on the capabilities of the INAP Pit Lakes Database since the previous paper
in 2012 (Johnson and Castendyk, 2012). Modeling long-term predictive pit lake water chemistry remains
one of the most challenging tasks in the industry, and by referencing and compiling previously conducted
research, modelers will be able to develop future pit lake water chemistry predictions more accurately.

The aim of the pit lakes database is to combine hydrological, limnological, geochemical, microbiological,
and management decision information into one searchable database. Time series plots, Ficklin diagrams,
concentration vs. depth plots, box and whisker plots, and Piper diagrams can all be generated using the
database’s Microsoft PowerBI graphical user interface. The applications of this pit lakes database are
numerous, including the validation of pit lake models using data collected from similar ore bodies, and
potentially integrating the compiled data into meaningful water quality predictions using machine learning
and artificial intelligence (Al).

METHODS

Database Evolution

The development of the pit lakes database since its inception in 2009 has occurred over several distinct
phases.

Inception (2010-2012)

The inception of the database began with INAP funding researchers at the State University of New York at
Oneonta (SUNY Oneonta) to compile a database of publicly available water quality data from existing pit
lakes (Johnson and Castendyk 2012). The first iteration of the database was saved on a physical server
purchased in 2010, written in Visual Basic, and referenced a Microsoft Access database (Johnson and
Castendyk 2012). The user interface was hosted on a GoDaddy website. Version 1.1 was unveiled at the
9™ International Conference for Acid Rock Drainage (ICARD) in Ottawa, Canada in May 2012 and
contained water quality data from 70 pit lakes. Version 1.1 was open-access and available for use by
consultants to validate pit lake water quality predictions.

Phase 1 Data Expansion (2018-2019)

The Phase 1 effort focused on expanding the size of the database. In 2018, an undergraduate student from
the University of Nevada, Reno, was hired through Golder Associates by INAP to collect publicly
available data from the office of the Nevada Department of Environmental Protection (NDEP) in Carson
City and add these data to the database. The NDEP database was selected due to its wealth of publicly
available pit lake data. This effort added 1,268 water quality samples and 31 additional pit lakes. At the
conclusion of the Phase 1 effort, the database was taken offline and the GoDaddy site was discontinued to
allow for Phase 2 upgrades.

Phase 2 Functional Upgrades (2020-2021)

The primary goal of Phase 2 was to improve the functionality of the database. The Microsoft Access
database was switched to a SQL database, improving its speed. Security (i.e., risk of data loss)
improvements were made during Phase 2 by switching from a physical server to a cloud-based, Microsoft
Azure server. In addition, the database was integrated into PowerBI which modernized the visual
presentation and improved searchability. This version of the database also limited access to INAP
members and their invited consultants through the INAP Members Portal. Additional upgrades included:

e Reclassification of ore deposits using the United States Geological Survey (USGS)

Geoenvironmental Classifications by Plumlee et al. (1999).
e Generation of Ficklin diagrams (pH vs. constituent concentration).
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Generation of Piper diagrams based on ore body types.

Generation of statistical data on pit lakes in a given ore body type, with box and whisker plots.
Ability to check the quality of the data by plotting measured total dissolved solids (TDS) vs.
calculated TDS and viewing charge imbalances.

Ability to export desired data to Excel.

Phase 3 Resumed Data Expansion (2022—present)

Phase 3 began in early 2022 and focused on seven main objectives:

Task 1 aimed to train users to better understand the capabilities of the revamped pit lakes database.
A series of five orientation videos were prepared to demonstrate how to use the database and the
types of results that can be generated using the database.

Task 2 focused on data expansion. A review of published pit lake water quality had not occurred
since 2012 when the database was constructed, so an in-depth literature review was undertaken to
add new publicly available pit lake and water quality data.

Task 3 aimed to add pit lake meta-data on mining history, site climate, hydrogeology (e.g.,
terminal sink vs. flow through), limnology (e.g., perennially stratified vs. annually mixed), and
geochemical information (e.g., percent sulfide, percent carbonate) for each lake as well as
document any remediation efforts at the site. This additional pit lake information is a crucial part
of augmenting the database for the purpose of modeling future pit lake water quality.

Task 4 focused on performing a detailed quality control/quality assurance review of the data
already in the database. The entirety of the database has not been reviewed since its inception in
2012, despite the new data additions. Data qualifiers will be applied to parameters in the database
which were reported at the detection limit. Notes will be added to the results currently in the
database, identifying issues such as whether concentrations are reported as total or dissolved, how
nitrate is expressed (NOs vs. NO3-N), if hardness data are available or if it will be calculated using
calcium and magnesium concentrations, and if TDS concentrations were measured or calculated.
Task 5 entails continuing development of the database interface to facilitate usage by INAP
members. Currently, the database is hosted in a PowerBI database and is available to consultants
and researchers who are completing work for member companies.

Phase 3 is still ongoing, but progress has been made in each of the tasks to ensure that this phase is
executed in a timely manner.

Database Design

The original database created in 2010 used a combination of three programming languages on the front
end: Microsoft’s Active Server Pages, Visual Basic Script, and JavaScript. The backend of the database
used Microsoft Access and was stored on a physical Dell server that ran Windows Server 2008 R2 with
Microsoft’s Internet Information Services 7.5 as the web core. This iteration of the database was designed
to be compatible with servers capable of running Windows.

During Phase 2 of the database update in 2020, the frontend of the database was converted to PowerBI to
modernize the presentation and search functions available. The backend was converted to a SQL database,
improving the speed and functionality of the database. In addition, the physical server was upgraded to a
cloud-based, Microsoft (MS) Azure server which improved the security, accessibility, and presentation of
the data. The current format of the database still operates using SQL, PowerBI, and MS Azure.

Data Combined in the INAP Pit Lakes Database

The first iteration of the pit lakes database was set up to include both the physical properties and the
geochemical and water quality parameters of a pit lake. Largely, these categories have stayed consistent
throughout the evolution of the database. Several trace metals have been added during the Phase 3 update
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(Table 2, italics). Table 3 presents an updated summary from Johnson and Castendyk (2012) of the number
of pit lakes and data available for each USGS geoenvironmental ore body type (Plumlee et al. 1999).

Table 2. Updated list of data types stored in the INAP Pit Lakes Database. Updates from the 2012 table are
denoted by italicized text (adapted from Johnson and Castendyk, 2012)

A. Physical Site Data (Single Data Entry Per Lake)

Group: Currently Supported Data:

Lake Information Lake Name

Geology Ore Body Type, Commodity, Host Rock, USGS Geoenvironmental Designation
Geography Country, State/Region, latitude and longitude

Other Information Other relevant information on the lake or mine site

References Sources of the site data

B. Water Quality Data Associated with each Lake (Multiple Entries Per Lake)

Group: Currently Supported Data:

Sample Information Date Taken, Sample Depth (m), Temperature (°C)

pH and Trace Metals pH, Ag, Al, As, Bi, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, S, Sb, Se, Te, T, U, V, Zn
Major Cations and Anions Ca, Cl, CO3, HCO3, K, Mg, Na, SO4

Other Elements B, Ba, Be, Br, Cs, F, Ga, Li, Sc, SiO, Sn, Sr, Ti

Nutrients NH3, NHs, NO,, NO3, PO4

Physicochemical Parameters

Electrical Conductivity (uS/cm), TDS, DO, ORP (mV), pe, Eh

Other Information Other relevant information on the water sample

References Sources of the water sample data

Table 3. Updated summary of ore deposits currently contained in the database. Updates to ore deposit
categories are denoted by italicized text. Adapted from Johnson and Castendyk (2012).

Geoenvironmental Designation: No. Lakes No. Total Water Samples | No. Surface Water Samples
Bakala Iron 4 5 4
Barite 4 90 86
Carlin-Type Gold 17 433 160
Copper 2 2 1
Gold 1 1 1
Granitic Bedrock 1 52 1
Greywacke 1 2 1
Lignite 1 1 1
Low-Sulfidation Epithermal 9 614 488
Massive Sulfide 25 51 40
Porphyry Copper 4 409 23
Porphyry Copper-Molybdenum 4 66 63
Porphyry Copper-Silver 1 1 1
Porphyry Hosted Gold 3 3 3
Pyrite 1 7 0
Quartz-Adularia 2 12 12
Quartz-Alunite 1 1 1
Quartzite 2 2 2
Sediment-Hosted Epithermal 2 42 42
Silica Sand 1 1 0
Skarn 2 22 22
Taconite 10 89 78
Uranium 4 7 7
Unclassified* 168 671 111
Total 270 2,584 1,148

*: Unclassified pit lakes are in the process of being categorized by ore deposit type.
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Search Options

The search options available in the current format of the database are generally consistent with those
described in Johnson and Castendyk (2012). Users can refine their search by ore body type, host rock,
commodity type, geographic location, or by the geochemical properties of the water. Users can also output
time series plots, pH charts, and box and whisker plots as described in Johnson and Castendyk (2012).
New additions to data presentation in this database include plots of concentration trends with time and
depth, and Piper diagrams.

DATABASE OVERVIEW

In the previous iteration of the database as described in Johnson and Castendyk (2012), searches generate
a summary page of the results. Statistical data for the surface water chemistry by ore body type, as well as
the ore body type and other relevant information, are output on a summary page. This component of the
database has not been updated in Phase 3, but the main database interface has been updated (Figure 1).
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Figure 1. An updated view of the homepage of the database after interface upgrades with annotations

Results of Search by Site Data

After searching for a specific ore body type, for example Carlin-Type Gold, the summary page updates to
Figure 2, where a list of the individual lakes for a given ore body type is provided. Box and whisker plots,
as well as statistical information by parameter for all the pit lakes in that deposit type, are output by
selecting the box and whisker output tool (Figure 3). Since 2012, the interface has been upgraded to
include maps as well as updated box and whisker plots, and more readable data tables.
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Figure 3. Statistical results of search by site data for a Carlin-Type Gold deposit

Results of Time Series Charts

The results of a search by Time Series for 12 pit lakes located in Carlin-Type Gold deposits are shown in
Figure 4 (note, arsenic data were not available for all 17 pit lakes shown in Figures 2 and 3; therefore,
PowerBI reduced the count accordingly). The maps at the top of the summary page are consistent with the
search by site data (Figure 2), but the slide bar at the bottom of the page allows users to select the date
range for the time series (x-axis) of the water quality data of interest. Both the concentration of a
constituent of interest (COI), in this example, arsenic (blue dots; concentration on left y-axis expressed in

Published by the Canadian Institute of Mining, Metallurgy and Petroleum



mg/L), and pH (green dots; pH units on right y-axis) results are plotted on the same graph. The COI can be

changed by the user.
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Figure 4. Results of a search by time series for arsenic in all pit lakes in Carlin-Type Gold deposits

Results of Search by Concentration vs. pH

Users also have the ability to generate plots of concentration vs. pH specifying a given COI plotted against
pH or choosing to see all the parameters at once. Results for arsenic in a Carlin-Type Gold deposit using
this type of search are shown in Figure 5.
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Figure 5. Results of a search by concentration (y-axis expressed in mg/L) vs. pH (x-axis) for arsenic in pit

lakes in Carlin-Type Gold deposits
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Results of Search by Concentration vs. Depth

Concentration (x-axis) versus depth (y-axis) plots can be produced in this iteration of the database as well
where depth profile data exist. Figure 6 shows an example of search results for arsenic concentrations with
depth in all pit lakes available in Carlin-Type Gold deposit. Note, most often, only surface data are
available from pit lakes. This data query is most useful on a lake-by-lake basis.
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Figure 6. Results of a search by concentration vs. depth for arsenic in available pit lakes in Carlin-Type
Gold deposits

Results of Piper Diagrams

Another function of the pit lakes database is to output a Piper diagram by ore body type. Figure 7 provides
an example of a Piper diagram output for available pit lakes located in Carlin-Type Gold deposits.
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Figure 7. Piper diagram for available pit lakes located in Carlin-Type Gold deposits

Published by the Canadian Institute of Mining, Metallurgy and Petroleum



Proceedings of ICARD 2024

DISCUSSION

Uses of the Database

The database uses outlined in Johnson and Castendyk (2012) are consistent with today’s database
functionality, although the interface is more user friendly and the dataset is more robust than in 2012.
Users are able to compare pit lakes based on ore body type, host rock, commodity, and geochemical
ranges (Johnson and Castendyk 2012). The figures in the latest version of the database have a better visual
presentation, and the map feature allows users to easily find pit lakes by geographic location. Users can
generate more robust concentration trends for each ore deposit type due to the increased number of data
points in the database.

Limitations

The principal limitation faced in 2012 by Johnson and Castendyk (2012) is still present in the updated
version of the database. The information currently in the database is limited to water quality data available
in the public domain via publications and government records. In addition, these datasets are often
incomplete, both due to a lack of a comprehensive geochemical parameter suite (i.e., missing
concentrations for major ions) or gaps in time. These data gaps impact the quantity and quality of the
database results. From Phase 3, the authors are confident that most published data on pit lakes have
already been added to the database. Although this is a significant achievement, future database growth
using published data alone is constrained by the rate of new publications.

As seen in the Phase 1 effort, gathering data from the offices of government regulators can be productive,
but is time and resource intensive, and in the United States, may require submitting and processing
multiple “freedom of information” requests. To date, only data from the state of Nevada, which hosts the
highest number of metal-mine pit lakes in the United States, have been added using the Phase 1 approach.
It is anticipated that a similar effort applied in the state of Minnesota, which is host of many iron ore mine
pit lakes, and Pennsylvania, which is host to many anthracite and bituminous coal-mine pit lakes, could be
productive.

Other countries could also prove to be abundant sources of data. For example, Germany, which is host to
lignite pit lakes, Australia, which is host to many iron ore, coal, and other ore body type pit lakes, and
Canada, could be productive. The CRC TiME project in Australia, which aims to influence how economic,
social, cultural, and environmental decisions are handled at mine closure, may be an avenue of
collaboration in the future as well.

Mining industry representatives have noted that there needs to be an increased focus on studying the
evolution of pit lake water quality to improve our predictions of future pit lake water quality. The potential
of the pit lake database to improve future predictions for the betterment of the mining industry is directly
proportional to the volume of data contained in the database.

Future Applications

The pit lake database is a highly valuable tool since it represents a centralized record of water quality in pit
lakes with varying ore body types, host rocks, and climates throughout time. Modelers can compare and
validate their water quality predictions for a given ore body type using the data provided in the pit lake
database.

There is the potential for Al models to be trained using this database to rapidly generate new predictions
for greenfield mines and to update current predictions resulting from pit expansions. Al could identify
effective and cost-efficient treatment options for pit lakes, taking cost and geochemistry into
consideration. Prototype tools have already been used to calculate the value of metals stored in pit lake

Published by the Canadian Institute of Mining, Metallurgy and Petroleum



Proceedings of ICARD 2024

water, the cost of metal recovery from pit lake water, and the likely return on investments associated with
metal recovery which can assist mining companies to explore new initiatives related to environmental,
social, and governance (ESG) at legacy sites. Al also has the potential to be used to validate current long-
term water quality predictions in pit lakes. By adding comprehensive datasets to the pit lakes database, Al
predictions will become more accurate and more useful over time.

CONCLUSIONS

The INAP pit lakes database is constantly evolving and will continue to expand over time. As more (and
more complete) geochemical suites are added to the database, long-term water quality predictions will
become more accurate through validation against data from similar ore deposits.

The database could be used to validate water quality models, generate new pit lake prediction for
greenfield sites or modify existing predictions due to mine expansion, and identify opportunities for new
ESG initiatives like metal recovery from pit lake water. By applying Al to the database, the time and cost
to run such analyses could be reduced.
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