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ARTICLE INFO ABSTRACT

Editorial handling by: Elisa Sacchi Mining resources are important in Canada, which has led to many abandoned mines prior to the 1991 mining
regulations. Flooded mines that do not pose immediate risks to the environment or human health remain
understudied. This study investigates the hydrochemistry and density stratification of a flooded apatite and mica
mine (an open pit lake connected to underground levels) in Quebec, focusing on depth-dependent gradients and
seasonal variations. Vertical profiling revealed a meromictic structure consisting of three layers: an oxic mix-
olimnion extending to a depth of 8 — 9 m, a transition zone characterized by a thermocline and chemocline, and a
permanently anoxic monimolimnion below 11 m. Seasonal variations were confined to the mixolimnion,
whereas deeper water remained chemically and physically stable throughout the sampling period, from early
May to the end of October. Stable water isotope data further support the stratification, with shallow samples
showing evaporation, deep samples aligning with the Local Meteoric Water Line (LMWL), and very few inter-
mediate data points. The open-pit morphometry, the steep slopes surrounding the lake, and density differences
were very likely responsible for the development of meromixis. 5>*S-SO, values indicate active microbial sulfate
reduction in the chemocline and the anoxic monimolimnion, while the precipitation of carbonates and metal
sulfides control the chemistry of the monimolimnion. Phosphorus and nitrogen accumulated in the mixolimnion
following the establishment of stable water column stratification. These findings identify the Blackburn Mine as a
valuable model for investigating hydrochemical and biogeochemical processes in flooded mica and apatite
mines, and for improving our understanding of density and thermal stratification in subsurface aquatic
environments.
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1. Introduction

In Canada, mining holds both economical and historical importance.
In the Quebec province, mining activities date back to the late 19th
century and have included the extraction of metals such as gold, iron,
and copper (Association Miniere du Québec, 2022). In addition to
metallic mining, non-metallic mineral extraction has also been wide-
spread in Quebec, including the mining of mica and apatite, which have
historically been exploited in several regions of the province (Gatineau
Valley Historical Society (GVHS), 1998; Ministere des Ressources
naturelles et des Forets du Québec, 2026). Before the implementation
of the 1991 restoration law (Ministere de I’'Emploi et de la Solidarité
Sociale (MTESS), 2024), mines were often abandoned without any

rehabilitation effort. Subsequent flooding by groundwater led to the
formation of new artificial subsurface aquatic environments, charac-
terized by confined, dark and cold conditions colonised by specialised
microbial communities (Keshri et al., 2015; Lhoste et al., 2023). In
Quebec alone, as of 2025, 338 mines remained abandoned without any
restoration plan, underscoring the widespread occurrence of unmoni-
tored flooded mine sites (MRNF, 2025). The National Orphaned/A-
bandoned Mines Initiative (NOAMI), which operated from 2002 to
2022, was a Canadian initiative established to address issues related to
orphaned and abandoned mines, provide recommendations for site
management, and facilitate the implementation of remediation pro-
grams. Since 2022, it has since been succeeded by the Annual Orphaned
and Abandoned Mines Workshop under the Canadian Minerals and
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Metals Plan (Government of Canada, Natural Resources Canada, 2026).
These sites are often highly heterogeneous due to variations in ge-
ology, hydrology, mining history, and human disturbance, making it
difficult to predict their hydrochemical behavior and long-term evolu-
tion. While research on flooded mines has primarily focused on pollution
and remediation of heavily contaminated sites, relatively unpolluted
mines remain poorly studied, despite their potential to reveal long-term
hydrochemical and biogeochemical processes. For instance,
Atanackovic et al. (2013) conducted a risk-based regional screening of
59 abandoned mine sites in Serbia to identify and rank those posing the
highest risk for surface water contamination, thereby targeting resto-
ration efforts based on hazard potential rather than purely on
abandoned-mine inventory (Atanackovic et al., 2013).

This general lack of hydrochemical and biogeochemical data is
evident for non-metallic mines. In Canada, numerous mica occurrences
have been documented, but only a limited number were mined. In
Quebec alone, about 100 mica occurrences are recorded, yet only a few
mines were active, including the Dacey and Blackburn mines at Cantley
(also mined for apatite), the Compagnie du Saguenay, and the Chateau-
Richer mines (Gatineau Valley Historical Society (GVHS), 1998; MRNF,
n.d.; Le Echo de la Tuque, 2022; Phillips, 2017). The only mica mine still
operating in 2025 is the Lac Letondal mine. In Ontario, roughly 30 mica
occurrences are recorded, with mining starting in the late 19th century
(Ontario Ministry of Northern Development, Mines and Forestry, n.d.).
Very few studies have addressed post-flooding hydrochemical or
biogeochemical processes on former mica or apatite mines. Available
research typically focuses on geotechnical, mineralogical, or environ-
mental management aspects. For example, Munnoch et al. (2011)
investigated the implementation of a pit lake at the Agrium Kapuskasing
Phosphate Operations after mine closure, combining geotechnical,
geochemical, and biological approaches to assess the stability and evo-
lution of the flooded pit lake (Munnoch et al., 2011). Chlahbi (2024)
conducted a geomineralogical characterization of a sedimentary phos-
phate deposit in Morocco to improve waste management and valoriza-
tion strategies (Chlahbi, 2024).

Previous studies have shown that flooded mines, including pit lakes,
can develop seasonal or persistent stratification, similar to the layering
observed in holomictic or meromictic natural lakes (Boehrer and
Schultze, 2008; Castendyk and Eary, 2009; Mugova and
Wolkersdorfer, 2022; Wetzel, 2001). Most natural lakes are holomictic
and undergo at least one complete mixing of the water column per year,
which periodically disrupts stratification and restores vertical homoge-
neity of temperature, dissolved oxygen and solutes (Boehrer and
Schultze, 2008; Wetzel, 2001). In these lakes, stratification is gener-
ally seasonal and transient, controlled by climatic forcing. In contrast, in
meromictic lakes, the water column is permanently stratified, with a
surface mixolimnion overlying a deep monimolimnion that does not
undergo complete seasonal mixing, allowing the persistence of
long-term chemical and density gradients (Boehrer and Schultze, 2008;
Fuchs et al., 2022). The mixolimnion is separated from the mon-
imolimnion by pronounced thermoclines and chemoclines, and solutes
tend to accumulate in the monimolimnion, which is often anoxic. Mi-
crobial communities play a central role in these environments, catalys-
ing key reactions such as sulfate reduction or (di-)sulfide oxidation
(Aelion et al., 2009; Gammons et al., 2014).

Examples of natural meromictic lakes include Lake Pavin (France)
and Crawford Lake (Canada), which have been extensively studied and
illustrate how stratification governs redox dynamics and controls
hydrochemical cycles in natural settings (McCarthy et al., 2023; Olive
and Boulegue, 2004; Omaly, 1968). Stratification has been reported in
several flooded mines worldwide, often under acidic conditions. Notable
examples include La Cueva de la Mora pit lake (Sanchez-Espana et al.,
2009). In some cases, meromixis may develop or be maintained, either
naturally or though management practices, to confine undesirable sub-
stances in deep water or to maintain specific conditions for water
treatment (Castendyk and Eary, 2009).
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This study aimed to characterise the stratification and seasonal dy-
namics of the flooded Blackburn open pit lake as a model for non-
metallic mines (here: apatite and mica) in comparable geological and
environmental contexts. More specifically, (i) the physical and hydro-
logical factors controlling stratification and (ii) the distribution of dis-
solved elements were investigated. Finally, (iii) nutrient concentrations
and primary productivity indicators were analyzed to assess the lake's
trophic status.

2. Materials and methods
2.1. Study site

The Blackburn mine is located at the north of Gatineau-Ottawa,
within the Blanche River West watershed in Canada, in a forested area
(Fig. 1A). The site is located in the Grenville province, where the
geological formations are metamorphosed skarns and calc-silicates; the
assemblages of minerals found (pyroxenes, amphiboles, calcite, epidote
or titanite) are typical of hydrothermal interactions in metamorphosed
carbonate rocks (Meinert, 1992; Vernon, 2004). The mine site is asso-
ciated with mineralized pyroxenite lenses related to calc-silicate rocks
that crosscut a biotite paragneiss and are themselves crosscut by
pegmatite (MRNF, 2026). The mine was initially exploited, starting in
1878, for fluorapatite as a source of phosphate for agricultural use.
Subsequently, mining focused on phlogopite, which is a magnesium-rich
biotite found in skarnic calcsilicates associated with carbonate rocks, for
its insulating properties (Des mines et des hommes, 2012; Sabina, 1987;
Spence, 1929). Mining activity ceased in 1942 (White, 1997). During
operation, pumps were used to keep the mine dry, and once pumping
stopped following mine closure, groundwater gradually flooded the
excavations. Mineralogical inventories available for Blackburn also
indicate the presence of accessory minerals such as calcite, diopside,
actinolite, fluorite, graphite, and titanite, as well as minor sulfides like
pyrite, in the associated calcsilicates and skarns (Sabina, 1987).

The subhumid, temperate climate is characterized by moderate
annual precipitation and a seasonal snowmelt cycle (Comeau et al.,
2013). Total rainfall and total snowfall between 2023 and 2025 were
respectively: 735.2 mm and 203.7 cm at the station Ottawa CDA
(Ontario, Canada) near the mine (SI, Fig. S1) (Government of Canada,
2023). Monthly mean temperature at the same station is below zero in
winter and above 20 °C in summer. The snow cover remains for several
months in winter, and water bodies in the region freeze seasonally.

The Projet d’Acquisition de Connaissances des Eaux Souterraines en
Outaouais (PACES-OUT), which is a regional study of aquifers, indicates
that aquifers are primarily unconfined and that the groundwater
chemistry is dominated by the hydrogen carbonate (Ca~HCO3) facies,
reflecting the predominance of local carbonate formations (Comeau
et al., 2013). There are no surface water inflows to or outflows from
the open pit lake, although there are limited, temporary seasonal inflows
linked to snowmelt, typically occurring between March and May.
Several small water points observed near the mine, identified as vernal
pools, are highly seasonal and are often dry during the summer, sug-
gesting that their occurrence is related to snowmelt or spring precipi-
tation. Local groundwater flow through the mine is from southeast to
northwest.

There are no official maps of the mine showing the complete layout
and connections between the different largely unexplored levels. Divers
are involved in the project to collect samples and map the flooded
Blackburn mine (both open pit lake and underground levels). Fig. 1
shows the location of the mine, along with the surface water bodies and
private wells from which samples were collected (Fig. 1B). The mine
cross-section, based on the diver's surveying, shows an open pit with
steep slopes, approximately 104 m in length and 63 m in width, with a
water surface area of 2,400 m? and a pit depth of 30 m. The water level is
approximately 12 m below ground surface. A level extends from the pit
and splits into two branches, descending to depths of 52 and 59 m,
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Fig. 1. (A) location of the mine in Canada (red marker), (B) location of the sampling points: mine, surface water (green triangles) and private wells (red squares). The
maps were generated with ArcGIS Pro (ESRI, 2024, v 3.1). (C) cross-section of the mine showing sampling depths and (D) pictures of the mine during exploitation in
1912 (Spence, 1929) (left) and after exploitation in 2023 (right). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

respectively (Fig. 1C and D). Thus, the Blackburn mine is not a char-
acteristic pit lake, as it is hydraulically connected to additional under-
ground levels, and could serve as a relevant analogue for the studying of
similar flooded open pit lakes.

2.2. Sampling

A Levelogger (Solinst®, Levelogger 5, Junior, model 3001) and a
Barologger (Solinst®, Barologger 5, model 3001) were installed from
June 30 to October 30, 2023, from May 12 to October 30, 2024, and
from May 8 to October 18, 2025. Their function was to record hourly
water level variations in the flooded open pit lake (daily averages re-
ported). No direct barometric pressure data were collected in 2024
because the barologger was stolen; therefore, 2024 pressure variations
were estimated using data from a nearby meteorological station (the
methodology and reconstructed dataset are provided in the Supporting
Information).

Sampling depths were defined relative to the water surface. Samples
from the pit lake were taken using a Van Dorn bottle (Wildco® In-
struments, Beta Bottle 2.2 L) for depths between 0 and 12 m (one sample
every 1.5 m) (Fig. 1C). Samples at the bottom of the pit lake and at
various depths (18, 30, 37, 43 and 52 m) were collected by divers with
200 mL plastic syringes (Fig. 1C), during the descent and after sampling
with the Van Dorn bottle was completed. Divers used closed-circuit
rebreathers, preventing any contamination of the water samples. Sam-
ples were collected once per season, from early May (spring) to late
October (autumn) between 2023 and 2025. Sampling dates and asso-
ciated analyses are shown in the Supporting Information (Table S1).
There was no sampling between November and April for safety reasons
(access covered by snow and ice). Samples for water isotopes were taken
between 0 and 12 m (one sample every 1.5 m), 18, 30, 37, 43 and 52 m
in summer and autumn 2024, but from 18 m in spring of 2024 due to a
sampling issue. Additional samples were collected in spring 2025 at all
depths to complete the dataset. A duplicate was taken every fifteen
samples on average, i.e. one duplicate per field trip. Samples from three
nearby surface water points (ES1, ES2 and ES3) were collected just

below the water surface once per season for major cations, anions and
alkalinity analyses in 2023 and 2024 (Fig. 1B). Three nearby private
wells (P1Z1, P3Z1 and P1Z4) were also sampled in autumn of 2024 for
the same parameters and for sulfate isotopes (Fig. 1B). Physicochemical
parameters (temperature, pH, electrical conductivity [EC] and dissolved
oxygen [DO] were recorded in the field using a multiparameter probe
equipped with integrated temperature, pH, EC (automatically adjusted
to 25 °C) and DO sensors (WTW Multi 3630 IDS) for samples taken with
the Van Dorn bottle (from 0 to 18 m). A HOBO probe (ONSET U-DTW-1
HOBO, Onset Computer Corporation, USA) attached to the belt of one
diver was used to continuously measure temperature and DO during
dives (one reading per minute). Details about calibration are provided in
SI (section 2.2). To ensure the consistency of oxygen data from the two
probes, measurements were compared for the same sampling campaign.
Water samples were filtered in the field using 0.45 pm polyethersulfone
filters (Sarstedt®, Numbrecht, Germany) except for ammonium samples,
which were filtered through 0.2 pm polyethersulfone filters (Sarstedt®,
Numbrecht, Germany) and stored frozen until analysis. Samples for
cation analysis were acidified immediately after collection with 10%
nitric acid (1 drop per 10 mL of sample) to prevent metal precipitation
and maintain cation concentrations in solution. For sulfide ion mea-
surements, approximately 0.15 mL of 1.2 mol/L zinc acetate solution
and 0.03 mL of 1 mol/L sodium hydroxide solution were added for
preservation of 25 mL samples (Centre d'expertise en analyse
environnementale du Québec (CEAEQ), 2023). Dissolved total nitro-
gen (TN, DN, NOx, NO3, NOs) and dissolved total phosphorus (TP, DP,
PO4, P) were preserved in borosilicate glass tubes (25 x 150 mm,
Corning PYREX®, Fisher Scientific, Cat. No. 14-933D) sealed with PTFE
caps (25 x 150 mm, Fisher 14-933D). Chlorophyll a (Chl a) samples
were collected using a 12 V submersible pump (model 3262, serial
number 12 V, PU/PS, Geneq) and immediately filtered in the field
through GF/F filters (0.7 pm). Water transparency was assessed using a
20 cm diameter Secchi disk on September 20, 2025, at 10:30 a.m., and
the depth of visibility was recorded in meters. Samples for sulfate
isotope analysis were collected at the open pit lake and from the three
wells before being filtered in an anaerobic chamber (810-SG Series by
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PLAS-LAB S atmosphere composition: 85% nitrogen, 10% hydrogen and
5% carbon dioxide) to avoid oxygen contamination. Sediments were
collected in June 2022 at 52 m at the bottom of the sampled level
(Fig. 1A), then frozen, before being filtered on a 0.2 pm polyethersulfone
filter. The filter was then dried for 24 h in an oven at 40 °C for
energy-dispersive X-ray fluorescence (XRF) analysis.

2.3. Analyses

2.3.1. Hydrochemical analyses

Anions (fluoride, chloride, nitrite, nitrate, phosphate and sulfate)
were analyzed within 48 h of collection by ion chromatography (Dionex
Aquion, Thermo Scientific, Waltham, MA, USA) at the GEOTOP-UQAM
laboratory. Ion separation was achieved using an anion exchange col-
umn (Dionex IonPac AS22) and carbonate/bicarbonate eluent (Thermo
Scientific™ Dionex™ AS22 carbonate/bicarbonate solution, 1,/100
dilution). Nine standards were used ranging from 0.1 to 100 mg/L. A
Certipur multi-element standard was included in each sequence to check
the accuracy of calibration. Major cations (Ca®*, Mg?*, Na*, K*) were
analyzed by an inductively coupled plasma optical emission spectrom-
eter (ICP-OES, Agilent Technologies 5100) at the NanoQAM laboratory.
Multi-element standards from Inorganic Ventures’ “Groundwater &
Wastewater (Alternate Metal) Standards” range, prepared in matrix so-
lution at 2% HNOj3 were used. Calibration standards cover a concen-
tration range from 0.01 to 500 mg/L depending on the measured
elements. Limits of detection and quantification have been determined
for each element and are summarized in SI (Table S1). Standard checks
and blanks were incorporated into each sequence. Alkalinity was
measured within 48 h of collection by an automatic potentiometric
titrator (Hanna Instruments, model HI 902 Color) with 10% hydro-
chloric acid at the GEOTOP-UQAM laboratory. Alkalinity was measured
in meq/L and then converted to mg/L as CaCO3 equivalent. Sulfide ion
measurements were made by a field spectrophotometer (programme
690, HACH DR2800, Hach Company, 2007) using a colorimetric method
based on methylene blue formation with absorbance measured at
664 nm (Matheson, 1974). Concentrations of sulfide ion should be
considered semi-quantitative estimates only. Concentrations are re-
ported as follows: nitrite as NO3; nitrate as NO3; phosphate as PO3™;
sulfate as SO3~, sulfide ion as S?> and Ammonium as NH". XRF analysis
was performed by a portable XRF analyzer (ThermoScientific, model
Niton XL3t Goldd+). The analysis mode was AllGeo with a total duration
of 120 s, 30 s for each analysis window: Main, Low, High and Light
Range allowing to cover a wide range of elements, from the lightest to
the heaviest, in a single measurement. The instrument was calibrated
using Standard Reference Materials (SRM, list available in SI, section
2.3.), and all reported concentrations were calculated following this
calibration.

2.3.2. Trophic state indicators

Analyses of total nitrogen (TN), total phosphorus (TP), and Chl a
were performed at the GRIL-UQAM laboratory following their internal
protocols. TN was measured using a continuous flow analyzer (OI
Analytical Flow Solution 3100®) following the standard alkaline per-
sulfate digestion method coupled with Cd reduction and colorimetric
detection (using US EPA Method 353.2 (Patton and Kryskalla, 2003)).
Analytical precision was <5% for a concentration range of 0.005 —
10 mg/L. TP was determined after potassium persulfate digestion
(121 °C, 20 min) and quantified spectrophotometrically (890 nm,
Ultrospec 3100pro, Amersham Biosciences) following the standard
method (Bridgewater et al., 2017). Analytical precision was <5% for a
concentration range of 0.005 — 10 mg/L. Chl a was extracted in 90%
ethanol under both hot and cold conditions, and quantified by fluor-
ometry (TD-700, Turner Designs; Ex 436 nm, Em 680 nm) and spec-
trophotometry (Ultrospec 3100pro, Amersham Biosciences). Trophic
State Index (TSI) values were calculated following Carlson (1977) using
total phosphorus (TP, pg/L), Chl a (pg/L), and Secchi depth (m)
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(Carlson, 1977). TP and Chl a were used to compute depth-specific TSI
values within the photic zone (0 — 5 m), while Secchi depth provided a
single surface-based index. TSI values were calculated for individual
depths to capture vertical variations in nutrient and algal distribution.
Limits of detection and quantification are provided in the Supporting
Information (SI, Table S2).

2.3.3. Stable isotopes of water and sulfate

Oxygen (6180) and sulfur (6345) isotopes in sulfate were measured
with an elemental analyzer coupled to an isotope ratio mass spectrom-
eter (EA-IRMS, Isoprime, GV Instruments) at the Environmental Isotope
Laboratory (University of Waterloo). Prior to analysis, sulfate was
quantitatively precipitated as barium sulfate (BaSOj4), following a well-
established protocol to ensure purity and accuracy in isotope measure-
ments (Révész et al., 2006/2012). For sulfur isotopes, solid samples
were subjected to high-temperature pyrolytic combustion (1440 °C),
converted to SOz and measured spectrometrically (Hunsinger et al.,
2013). Oxygen isotopes were measured following pyrolytic conversion
to COy. The standards used were internationally certified reference
materials (IAEA-SO-5: 0.5 + 0.2%o, IAEA-SO-6: —34.1 + 0.2%o,
NBS-127: 21.1 + 0.4%o, for 53%S; IAEA-600: —3.5 + 0.5%o, NBS-127:
9.3 + 0.4%o, IAEA-601: 23.1 + 0.2%o, IAEA-602: 71.3 + 0.4%o for
5'80). Standards were incorporated every 5 samples to correct instru-
mental drifts and ensure data reliability. Results were expressed using
the delta notation (5) as follows (Equation (1)):

5 (%o) < Rsample

Rstandard 1) x 1000

(Equation 1)

where R is the ratio of heavy to light stable isotopes (for example,
345,325 for sulfur, ®0/1°0 for oxygen) for samples and standards,
respectively. Values are reported in %o relative to the Vienna Canyon
Diablo Troilite (VCDT) scale for sulfur and in %o relative to Vienna
Standard Mean Ocean Water (VSMOW) scale for oxygen, with analytical
precision better than 0.3%o. and 0.2%o respectively.

The isotope fractionation (¢) value for sulfur was obtained from the
slope of the linearized Rayleigh equation (Equation (2)):

ln(é" + 1) =& x ln(g>
o +1 Co
Where the initial conditions (Cy and &p) were defined from the least
enriched sample—assumed to represent the starting composition of the
studied environment —&¢ and Cy represent the concentration and
isotope value at depth x, and ¢ is the enrichment factor. The reported
error for & corresponds to the 95% confidence interval (CI) of the linear
regression in the Rayleigh plot (Clark and Fritz, 1997).

Water stable isotopes (6180 and 62H) were measured to assess mixing
of the water column and evaporation (Wolkersdorfer et al., 2020).
Measurements were done with an isotope ratio mass spectrometer
coupled to an AquaPrep system (Isoprime, Micromass) in dual injection
mode at the GEOTOP-UQAM laboratory. Water samples (200 mL) were
transferred to sealed vials and heated to 40 °C. A hydrophobic platinum
catalyst (Hokko beads) was added for §°H analysis, while the air in the
vials was replaced by COy or Hy depending on the isotope to be
analyzed. Samples were then left to equilibrate for 7 h for 5'%0 and 4 h
for §2H. Calibration was based on three certified internal standards
normalized to the VSMOW2-SLAP2 (5'%0 = 0.8 + 0.1%q, —14.4 + 0.4%o
and —25.7 + 0.1%¢ 8°H = 5.5 + 0.5%0, —102.3 + 0.4%0 and
184.9 + 0.8%o0). Additionally, a fourth standard was used as an unknown
to assess analytical precision (6180 = —7.2 £ 0.1%0 and 8%°H = —52,
8 4 0.9%o). The associated uncertainties were better than +0.1%o for the
5180 and +2.0% for the §2H, corresponding to a repeatability of one
sigma over three analytical replicates. A local evaporation line (LEL) was
calculated using a linear regression between 52H and 5'%0 values using
all data for 2024 (equation (3)):

(Equation 2)
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S’H=a x s®*0+b (Equation 3)

Where a is the slope and b is the intercept of the regression line.

2.4. Statistics and softwares

All statistical analyses and graphics were prepared with the RStudio
environment (RStudio Team, 2024) on R v.4.3.2 (R Core Team, 2023).
The complete list of packages used in this study is available in SI (section
3). Statistical analyses were performed to examine relationships be-
tween chemical parameters and with depth, considering the
non-parametric nature of the data (Shapiro-Wilk tests showed signifi-
cant deviations from normal distribution). A PERMANOVA was used to
test for significant differences between data groups, defined according to
season (spring, summer, autumn), DO concentration, depth and depth
groups (0 — 4 m, 5 - 15 m, >15 m). Spearman's rank correlation tests
were used to assess the relationship between two variables and to
identify general trends. A redundancy analysis (RDA) was conducted to
explain variations in chemical variables based on environmental
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variables such as depth, season or DO concentration. Differences were
considered statistically significant at the @ = 0.05 confidence level. The
DIAGRAMMES (v 8.1) software (Roland Smiller, Université d'Avignon,
France) was used to create Piper diagrams, calculate ion balances (%)
and concentrations of total dissolved solids (TDS in mg/L) (Piper, 1944,
1953). Alkalinity was converted to mg/L of HCO3 for the Piper Diagram,
ion balances and TDS concentrations. Ion balances were calculated as
the percent difference between cation and anion equivalents to verify
charge neutrality, while TDS concentrations were estimated as the sum
of the major dissolved ions, representing an operational proxy for TDS
rather than an accurate measurement. Water density was estimated as a
function of the measured water temperature and EC, using Thermody-
namic Equation of Seawater (2010) (TEOS-10) (McDougall and Barker,
2011). Details about density estimation are provided in supporting in-
formation (Section 2.4).

The PHREEQC (v.3.7.3; 2023) chemical modeling software devel-
oped by the United States Geological Survey (USGS) was used to
calculate saturation indices of phases, using the phreeqc.dat database
provided with the software (Parkhurst and Appelo, 2013). Calculations
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Fig. 2. Isotope values of mine water in 2024 (A, B and C) and in 2025 (D, E and F) for spring (triangle), summer (circle), and autumn (square) following a color
gradient based on depth from shallowest (yellow) to deepest (dark blue) (A and D) and as a function of depth (B, C, E and F). The red line represents the Local
Meteoric Water Line for the Ottawa River Basin (Telmer and Veizer, 2000). The blue line represents the Local Evaporation Line in 2024 (R? = 0.86). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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were done for two depths, 8 and 37 m, using the S(-II)/S(VI) couple to
estimate pe.

3. Results

As concentration profiles and ranges along the water column were
similar between 2023 and 2025, only the 2024 results are described and
later discussed. Results from other years are presented and discussed
only when they differ from those of 2024 and are summarized in the SI
(Table S3).

3.1. Water level and water isotopes

A water level probe installed in the flooded open pit recorded little
variations in water level between July and mid-August 2023, but the
level then steadily dropped by 0.7 m from the initial level until the probe
was removed mid-October (SI, Fig. S2). Water level recordings from
2024 showed a similar seasonal pattern, despite slightly higher short-
term variability associated with the use of reconstructed atmospheric
pressure data (SI). Water level recordings from the open pit lake in 2025
showed that the drop in water level started earlier (late May), and by the
time the probe was removed mid-October 2025, the water level had
dropped by approximately 1.5 m.

For both 2024 and 2025, water isotope values in the mine spanned a
narrow range of values. 580 values in 2024 ranged from —10.7 to
—8.7%0 and 8%H ranged from —75.4 to —64.7%o (Fig. 2A~C; the abnor-
mally heavy sample at 18 m in summer 2024 is probably due to an
improperly capped bottle). Surface samples (0 — 5 m) were generally
enriched in heavy isotopes (6180: —9 to —8.5%o; 5%H: —68 to —63%o),
while deeper water (30 — 50 m) was depleted (5'%0: —10.7 to —10%o;
§2H: —75.4 to —69%o) across all seasons. Intermediate depths (7 - 17 m)
exhibited transient values slightly below the local meteoric water line
for the Ottawa River basin water (Fig. 2A) (Telmer and Veizer, 2000). A
local evaporation line (LEL) was calculated using all 5%H and 5'%0
collected in 2024. The slope in 2024 was 4.43 (R? = 0.86).

In spring 2025, 5'80 values ranged from —10.7 to —6.3%0 and 5°H
from —75.4 to —61.8%o (Fig. 2D-F). Vertical profiles revealed reversed
stratification compared to 2024: surface water was isotopically lighter
(6180: —8.2 to —6.3%o; §%H: —74.2 to —70.5%o0), while deeper water
(>30 m) was heavier (5'0: —10.3 to —9.7%o; 8°H: —66.6 to —61.8%q)
(Fig. 2D-F).

3.2. Hydrochemical facies, TDS concentrations and density

Ion balances for mine water samples in 2024 ranged from —14 to
—2%. Four samples out of 56 had ion balances below —15% or above
15% and their alkalinity measurements were inconsistent with the mean
values of other samples at the same depth, therefore, they were not
considered further. Mine water samples showed an average standard
deviation of 5.4% for alkalinity, 9.6% for anions, 14.1% for sulfide ion,
16.1% for cations, 0.9% for water isotopes and 7.4% for sulfate isotopes,
indicating a narrow range of variation. Mine water, as well as surface
water (ES1, ES2 and ES3) and groundwater from private wells (P171,
P3Z1 and P1Z4), exhibited a chemical facies dominated by calcium and
hydrogen carbonate ions (SI, Fig. S3). However, one surface site, ES2,
was an exception with higher concentrations of sulfate and chloride
ions. TDS concentrations in 2024 for surface water samples (ES1, ES2
and ES3) ranged from 27 to 105 mg/L, while groundwater samples
(P171, P3Z1 and P1Z4) had TDS concentrations comprised between 417
and 595 mg/L in 2024 (SI, Table S3-S5). Median annual TDS concen-
trations and mean density in mine water in 2024 increased with depth.
Surface TDS concentrations was 229 mg/L and increased slightly to
249 mg/L at 1.5 m, then rose progressively with depth, reaching
410 mg/L at 43 m. Density showed a comparable increase with depth,
from 999.82 kg/m? at the surface to 1000.14 kg/m?> at 4.5 m, remained
relatively stable between 4.5 and 24 m in the open pit lake (1000.10 —
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1000.21 kg/m>) and reached 1000.19 kg/m?> at 43 m in the working
levels. (SI, Table S6).

3.3. Dissolved oxygen, temperature, electrical conductivity and pH

Dissolved oxygen (DO) and temperature data recorded by the probe
attached to the diver's belt in 2024 were compared with dive profiles
obtained from a personal dive computer, which tracks depth and time
graphically. This allowed depth-dependent profiles to be created. Data
from the ascent were used in the figures, as decompression stops pro-
vided multiple measurements at the same depth. Prior to measurements,
the probes were allowed to equilibrate in the water to ensure signal
stabilisation. To ensure consistency between the two approaches, HOBO
probe data were compared with those from the multiparameter probe
collected during the same day (SI, Fig. S4). Results were quite similar,
with only a slight temperature difference (a few degrees in the first 5 m,
likely due to different sampling times) and one lower DO concentration
at 5 m with the HOBO probe. The HOBO probe was preferred because it
provided more complete depth coverage. Temperature profiles in 2024
showed seasonal variations at the surface: between 7 and 11 °C during
spring and autumn, and up to 16 °C in summer. At around 5 m depth,
temperature dropped to 5 — 8 °C and remained stable at 5 — 6 °C below
10 m throughout the year (Fig. 3A). EC was 200 puS/cm at the surface and
increased to 400 pS/cm at 5 m in all seasons in 2024. An exception was
observed in spring, when one surface EC value reached 400 pS/cm
(Fig. 3B). EC remained stable between 5 and 30 m, but in the working
level (>30 m), it increased from 400 to 700 pS/cm in spring and autumn
(no data for summer). pH ranged from 7 to 8 at the surface, decreasing to
6.5 — 7.5 in around 6 m depth, and remained stable below this depth
(Fig. 3C). Seasonal differences were moderate, with pH differences of
less than 1 unit between seasons. For example, at 10 m depth, mean pH
values were 7.3 in spring, 7.0 in summer and 6.7 in autumn 2024.

3.4. Distribution of electron acceptors and dissolved species

HOBO probe profiles in 2024 showed surface DO concentrations of
10 mg/L in spring, 8 mg/L in summer, and 5 mg/L in autumn (Fig. 3D).
DO decreased rapidly with depth. In spring, at 5 m, DO increased to
16 mg/L, while in summer and autumn, it dropped to 2.5 mg/L. Below
5 m, DO was undetectable in all seasons. Nitrite and nitrate concentra-
tions were always below detection limits (LOD of 0.005 and 0.12 mg/L,
respectively). Dissolved manganese was also undetectable at the surface
(LOD = 0.01 mg/L) and was around 0.13 mg/L between 10 and 40 m
and increased to 0.3 mg/L in the working level, with no seasonal vari-
ation (Fig. 3E). Total iron was below the detection limit at the surface
(LOD of 0.01 mg/L), increased from 0.03 to 0.1 mg/L between 5 and
30 m, reaching 0.15 mg/L in the working level and at 52 m, concen-
tration was 2 mg/L. As with manganese, no seasonal variations were
observed (Fig. 3F). Sulfate concentrations were 15 mg/L from the sur-
face to 5 m, decreased to 3 mg/L between 5 and 10 m, and remained
stable at this concentration down to 30 m. Below 30 m (working level),
sulfate was always below detection limits (Fig. 3G). Sulfide ions were
below detection limits at the surface but ranged from < LOD to 1.5 mg/L
below 10 m (Fig. 3H). Water samples taken between 6 and 10 m released
a rotten-egg odour, consistent with the presence of hydrogen sulfide.
Alkalinity concentrations were 150 mg/L CaCOs equivalent at the sur-
face, increased to 230 mg/L at 10 m,remained stable down to 40 m
depth, and finally increased slightly to >300 mg/L in the working level
(>40 m) (Fig. 31). No seasonal variations were observed. Major cations
(Ca, Mg, K, Na) showed the same pattern of concentrations increasing
with depth (SI, Fig. S5). For example, magnesium was 7 mg/L at the
surface, 11 mg/L at 10-40 m and increased up to 15 mg/L > 40 m (SI,
Fig. S5A). Concentrations of trace elements were generally low (SI,
Table S3-S5). Fluoride concentrations ranged from 0.1 to 0.7 mg/L,
increasing with depth (SI, Fig. S5E). Phosphate concentrations in 2024
were below the detection limit at the surface (LOD = 0.017 mg/L),
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Fig. 3. Physicochemical parameters and concentrations as a function of depth: (A) temperature in °C and (D) DO in mg/L from the Hobo: 11 May 2024 (spring:
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reached 0.1 - 0.5 mg/L between 10 and 15 m, and 0.6 mg/L in the
working levels. Concentrations were lower in summer and higher in
autumn but followed the same depth-dependent pattern (SI, Fig. S5F).

Nautumn: 7) and (I) alkalinity as CaCOs3 equivalent (gpring: 10; Nsummer: 75 Mautumn: 10).
3.5. Indicators of trophic status

Total phosphorus (TP), total nitrogen (TN), and ammonium con-
centrations were low at the surface and increased markedly with depth,
particularly below 5 m (Fig. 4A, B and C). TP increased from approxi-
mately 100 pg/L at the surface to nearly 300 pg/L at 40 m, while TN
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increased from less than 1 mg/L in the 0 — 5 m range to almost 2 mg/L
below 5 m (Fig. 4A and B). Ammonium concentrations remained low
(<0.2 mg/L) at the surface but exceeded 1 mg/L at 10 m (Fig. 4C).
Conversely, Chl a increased with depth, from near zero at the surface to
nearly 60 pg/L at around 10 m (Fig. 4D). On average, the Secchi disk
disappeared at 5 m. Trophic Status Index values were calculated for each
depth from 0.5 to 12.5 m using TP, TN, and Chl a, Secchi disk mea-
surements. TSI increased with depth, ranging from 56 in the surface to
82, with a mean of 63 across the profile (SI, Table S7).

3.6. Sulfate sulfur and oxygen isotopes

5%*S and 8'%0 values measured in mine water and groundwater
ranged from 2.0 to 7.0%o and from —1.9 to 3.3%o, respectively (Fig. 5A —
B and Fig. S6), and an inverse correlation was observed between sulfate
concentrations and 534S values in mine water, although the increase was
limited for 84S values (5.2 — 7.0%o). 5'80 values did not show any
specific trend with decreasing sulfate concentrations. Well samples
displayed 53%S and §'%0 values within the same range as the open pit
and mine water, with only minor variations (Fig. S6A). The enrichment
factor determined from &°*S values for mine water samples was

—2.4 % 0.5%0 (Fig. 5C).

3.7. Sediments composition and PHREEQC simulations

XRF analyses revealed that the most abundant elements were Si, Ca,
Fe, S, Mg, P, K and Al (approximate weight >1%, Table 1). Other
detected elements in lake-sediment samples included for example Ti, Cl,
Mn, Zr, Ba, Sr, Cr and Zn, all at trace concentrations (approximate
weight <0.2%). The sediments collected in the working levels showed a
black colour.

PHREEQC modelling allowed the calculation of redox potential (pe)
and the saturation indices of different mineral phases at depths of 8 and
36 m. The pe values were estimated from the initial composition of the
samples, using the S(-II)/S(VI) couple, and were below —3 for both
depths. Calcite (CaCO3) was close to equilibrium across the water col-
umn, with SI comprised between —0.5 (8 m) and 0.2 (36 m). In contrast,
siderite (FeCO3) and rhodochrosite (MnCO3) were undersaturated at
both depths with SI values of —1.3 and —0.7 for FeCO3 and -0.7 and —0.1
for MnCOs. Sulfide minerals such as pyrite (FeSs) and mackinawite (FeS)
were supersaturated at all depths (SI > 1). Hydroxyapatite
(Cas(PO4)3(0OH)) was undersaturated at 8 m (—3.8) and supersaturated
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Fig. 5. 5>*S-sulfate (A) and sulfate concentration (mg/L) (B) as a function of depth (sampling date: September 22, 2024). (C) Logarithmic plot according to the

Rayleigh equation for sulfur isotopes.
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Table 1
Concentrations of elements (ppm) determined by XRF in the sediment collected
at 52 m in a mine level, as well as approximate weight (%).

Element Concentration (ppm) ~ wt (%)
Si 90,088 9.0
Ca 78,130 7.8
Fe 65,876 6.6
S 43,943 4.4
Mg 34,509 3.4
P 20,403 2.0
K 17,744 1.8
Al 16,508 1.7
Ti 1768 0.2
Cl 313 <0.1
Mn 237 <0.1
Zr 233 <0.1
Ba 200 <0.1
Sr 198 <0.1
Cr 182 <0.1
A 106 <0.1
Zn 39 <0.1
Rb 25 <0.1
Bi 16 <0.1
Nb 8 <0.1

at 36 m (2.3). Carbonate minerals were therefore the primary phases
controlling the chemistry of the mine-impacted water in the open-pit
lake.

3.8. Influence of depth and season on water chemistry

A PERMANOVA analysis showed that water chemistry was strongly
influenced by depth (R? = 0.68, p < 0.01) and DO (R? = 0.55, p < 0.01),
but not by season (p > 0.05). Depth groups (0 -4 m, 5-15m, >15m)
differed statistically significantly (R> = 0.72, p < 0.001) and DO also
showed significant group differences (R? = 0.60, p < 0.001), consistent
with the observed stratification. Spearman correlations revealed a
strong negative relationship between sulfate concentration and
6348—504 (p = —0.89, p < 0.001). A redundancy analysis (RDA) was
performed to examine the relationship between chemical variables
(concentrations of dissolved elements and sulfate isotopes) and envi-
ronmental variables (DO concentration, season and depth). The analysis
showed that DO and depth explained most of the variance in the dataset
(71% on axis 1), with a secondary effect on axis 2 (3%).

4. Discussion
4.1. Stratification of the water column

The temperature profile showed several distinct layers with stable
conditions throughout the monitoring periods in 2023, 2024 and 2025.
Multivariate statistical analyses (RDA and PERMANOVA) consistently
showed that depth and DO were the dominant structuring factors of the
water column, explaining most of the variability in water chemistry
(depth: R? = 0.68; DO: R% = 0.55; axis 1 of RDA = 71% of variance)
while seasonal effects were negligible, confirming a strong vertical
stratification. This vertical stratification was comparable to that
observed in meromictic lakes, such as the Pavin Lake in France (Olive
and Boulegue, 2004; Omaly, 1968) or the pre-2010 Berkeley pit lake
in the USA (Gammons and Icopini, 2020; Pellicori et al., 2005), that
maintain a permanently stratified water column with an isolated mon-
imolimnion that does not participate in seasonal mixing (Boehrer and
Schultze, 2008; Wetzel, 2001). The epilimnion, a well-mixed surface
layer, was relatively warm and oxygenated, and seasonal variations
influenced the temperature. The presence of a thermocline at 5 m depth
separated the epilimnion from the metalimnion, which corresponded to
a thin transition layer (<2 m) where the temperature decreased rapidly
with depth (Fig. 3A). The mixolimnion (including the epilimnion and
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metalimnion) had a relatively stable thickness of about 8 — 9 m during
the sampling period. However, the vertical resolution of the measure-
ments did not allow a clear distinction between the epilimnion and
metalimnion. Finally, the monimolimnion was a colder, thermally stable
layer located below the chemocline, characterized by permanently
anoxic conditions with DO concentrations below detection limits
(Fig. 3D). It can be subdivided into an upper zone just beneath the
chemocline within the pit lake, and a lower zone corresponding to the
working levels (>30 m) where concentrations of dissolved elements
were higher due to the lack of dilution from surface inputs such as
precipitation or snowmelt (Fig. 6). In meromictic lakes, the depths of the
mixolimnion has been shown to vary with lake morphometry, with
deeper and narrow basins exhibiting shallower mixolimnion, indicating
that basin shape and maximum depth influence the stability of stratifi-
cation (McGuire and Currie, 1993). In narrow and deep pit lakes, such as
pit lakes at Cluff Lake (maximum depths of 28 and 90 m), seasonal
mixing is restricted to the mixolimnion, allowing persistent chemical
stratification to develop (Von Gunten et al., 2018). This is consistent
with observations in other flooded pit lakes where morphometry and
high relative depth strongly limit wind-driven mixing and promote
persistent stratification (Castendyk and Eary, 2009; Geller et al., 2013).
In contrast, in larger and shallower lakes, such as Crawford Lake, the
mixolimnion reaches 15.5 m for a total depth of 24 m (McCarthy et al.,
2023).

Water isotope values in the monimolimnion plot on the LMWL,
whereas surface water samples clearly fall below this LMWL in 2024,
especially during summer and autumn (Fig. 2A-C). This indicates that
all water originates from the same source, which is the average meteoric
recharge water for the area, but that surface water undergoes evapora-
tion. The lighter isotopic value measured at the surface in spring,
compared to other seasons, reflects a combination of inputs from
isotopically lighter snowmelt and meteorological conditions that are less
conducive to evaporation. Maximum change in isotope values at the
surface reached about 1.5%o for 8'%0 (approximately 10%o for 52H). In
comparison with other flooded mines, such as the Berkeley Pit (Butte,
Montana), where surface waters have been estimated to undergo 10 —
25% evaporation (Gammons et al., 2006b; Pellicori et al., 2005),
evaporation at the Blackburn Mine in 2024 appears substantially more
limited (on the order of 2 — 3%; however, as the hydrological model
required to accurately quantify evaporation was not developed for this
site, this remains an estimate). The summers of 2023 and 2025 were
particularly hot, with average maximum and minimum temperatures of
2.0 °C and 2.2 °C above normal, respectively, followed by an unusually
warm September in both years and below-normal precipitation across
several regions of Quebec (MELCCFP, 2023b, 2023a, 2025b, 2025a). As
aresult, the 1.5 m water level decline observed in 2025 likely represents
the upper range of variability for the open pit lake, with similar patterns
also observed in 2023 and 2024 (SI, Fig. S2).

In the Blackburn pit lake, the vertical isotopic gradient is largely
controlled by stratification, the latter limit ting vertical mixing. As a
result, §'%0 and &%H values in 2024 are either comparable to meteoric
water signatures for deep water, or bear evidence of evaporation in the
case of shallow points, with almost no values falling in between. These
profiles are characteristic of meromictic lakes, with distinct isotopic
signatures between the mixolimnion and the monimolimnion (Seebach
et al., 2008; Vasil'chuk et al., 2018). A similar isotopic gradient has
been observed in other open pit lakes, such as the Berkeley Pit, where
density stratification and limited water circulation maintain a marked
contrast between surface water affected by evaporation and deeper
water that retain a meteoric signature (Gammons et al., 2006b; Pellicori
et al., 2005).

Water isotopes values in 2025 fall within the same range as those
observed in 2024, except within a depth interval between 30 and 42 m,
corresponding to the bottom of the open pit lake and the working level,
where unexpectedly enriched values are observed, reaching up to —6%o
for 5'%0 at 36.6 m (samples collected on June 8, 2025, Fig. 2E and F). As
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Fig. 6. Stratification of mine water and the specific characteristics of each layer.

several samples from adjacent depths exhibit similarly enriched values,
an issue related to sample handling can be ruled out. This shift in iso-
topic values could indicate lateral inflow from a distinct groundwater
source rather than vertical mixing, as the 5'%0 and &%H profiles differ
from those expected after mixing: vertical mixing tends to homogenize
isotopic values throughout the water column, whereas the observed
enrichment is localized (Gibson et al., 2016; Harning et al., 2024;
Kankaala et al., 2023). However, the chemical composition of these
samples is very similar to that of adjacent samples, which weakens the
hypothesis of lateral groundwater inflow. Furthermore, the high isotopic
values are inconsistent with those expected for modern meteoric water
in the area.

4.2. Water chemistry and governing processes

4.2.1. Evolution of water chemistry

Much lower concentrations of trace metals and sulfate were
measured in this non-metallic mica and phosphate mine lake compared
to metal- and coal-mine open pit lakes, although not all trace elements
were included in the measurements. The latter pit lake typically exhibit
high concentrations of pyrite and other sulfides, along with very low pH,
as commonly observed at acid-mine drainage (AMD) sites such as the
Berkley pit in the USA (Pellicori et al., 2005) or La Cueva de la Mora in
Spain (Sanchez-Espana et al., 2009). As a result, the site shows no
indication of contamination that would pose a relevant threat to the
surrounding environment or necessitate mitigation or remediation (SI,
Table S3).

Private wells exhibited EC values comparable to those observed
within the pit lake (Fig. 3B and SI, Tables S5 and S6). In the flooded open
pit, the upper layers (0 — 15 m) showed lower TDS concentrations and EC
values than the pit lake (SI, Table S6), indicating dilution by precipita-
tion and snowmelt. A regional bedrock well sampled for the PACES-OUT
program in 2013 (ID: 21839, Code: SIH_2007-150-73500039, PACES-
OUT (Comeau et al., 2013; MELCCFP, 2013)) showed similar TDS con-
centrations (494 mg/L) and EC values (760 uS/cm) to those observed in
the mine levels and private wells in this study. Physicochemical analyses
showed that mine water (open pit lake and working levels) and private
wells, that were drilled in the bedrock (80 — 92 m deep, estimations
provided by the well owners via personal communications), exhibited a
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hydrogen carbonate type water typical of local bedrock aquifers,
reflecting the nature of the regional geological formations, which are
metamorphosed skarns and calc-silicates (Comeau et al., 2013) (SI,
Fig. S3).

Relatively high dissolved fluoride concentrations were detected in
the mine water and the well water, at concentrations up to 1.7 mg/L (SI,
Fig. SSE and Table S3). At a broader regional scale, several wells used for
drinking water supply had fluoride concentrations above the maximum
acceptable concentration of 1.5 mg/L (Comeau et al., 2013; Reglement
sur la qualité de l'eau potable., 2025). These exceedances are consistent
with the presence of fluorite in the surrounding rocks, which has a much
higher solubility than fluorapatite in natural waters (see Section 2.1.). At
the regional scale, fluoride exceedances were likely associated with
cation exchange between Ca’" and Na*, which enhanced fluorite
dissolution through the removal of calcium by adsorption. Consistent
with both the presence of fluorapatite in the host lithology and its
accumulation in the anoxic layer, phosphate concentrations were rela-
tively high in the mine water, representing a key nutrient in the water
column (see Section 4.3.).

5245504 values, ranging from 5.2 to 7.0%o, suggest that sulfate is of
lithogenic origin (André et al., 2002; Banks and Boyce, 2023; Dold and
Spangenberg, 2005). Sulfate concentrations were low and consistent
with reducing conditions in the water column, where PHREEQC simu-
lations indicated sulfide stability (as FeS and pyrite, see Section 4.2.3.).
This suggests that sulfur is predominantly present in reduced mineral
phases, limiting sulfate accumulation in the system (Meinert, 1992;
Vernon, 2004). Sulfate concentrations remained low compared to those
reported in ore pit lakes or metal mines affected by acid mine drainage,
where (di-)sulfide oxidation can lead to extreme sulfate concentrations
(Castendyk and Eary, 2009; Gammons et al., 2009; Geller et al., 2013;
Roesler et al., 2007; Sanchez-Espana et al., 2009).

4.2.2. Profiles of other parameters along the water column

Dissolved oxygen profiles showed strong stratification of the water
column: surface water was oxic, but oxygen concentrations declined
sharply, reaching anoxic conditions at 5 m year-round, with the water
remaining completely anoxic below this depth (Fig. 3D). This vertical
structure reflects that DO is a key driver of chemical differentiation
along the water column, as shown by statistical analyses. The absence of
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nitrate and nitrite in mine water, even at the surface, combined with the
presence of nitrate in surrounding oxygenated groundwater (SI,
Table S5), suggests that any nitrate entering the water column is rapidly
consumed by denitrification. Despite relatively high ammonium con-
centrations (see Section 4.3.), the absence of oxygen in the water column
prevents nitrification. No denitrifying microorganisms were identified in
the water column (Lhoste et al., 2026). Concentration profiles of dis-
solved manganese and iron indicate reduction of both manganese and
iron oxides below 5 m in the open pit lake and in the working levels
(Fig. 3E and F). Concentrations remained below 0.3 mg/L for Mn and
0.15 mg/L for Fe, likely due to precipitation of Fe- and Mn- bearing
minerals (see Section 4.2.3.).

The enrichment in heavier sulfate isotopes with depth, from
6348—504 = 5.2%0 to = 7%o, in combination with decreasing sulfate
concentrations (Fig. 5), indicates that microbial sulfate reduction by
sulfate-reducing bacteria (SRB) occurs below 5 m (Canfield, 2001; TAEA,
2008; Jorgensen and Kasten, 2006). Spearman correlations also revealed
a strong negative relationship between sulfate concentration and
5%45-504 (p = —0.89; p < 0.001), consistent with isotopic fractionation
during sulfate reduction. In contrast, groundwater, which showed
higher sulfate concentrations and was generally oxygenated, had
634S—SO4 values < 5.1%o, indicating that sulfate-reducing bacteria (SRB)
were not present (SI, Table S5 and Fig. S6). Surprisingly, §'80-50,4 did
not show the same trend as §>*S-S04, as would be expected for SRB
metabolism (Bertran et al., 2020), but instead varied randomly with
depth (Fig. S6). As the oxygen of dissolved sulfate and water can rapidly
exchange at pH < 2 (Bradley et al., 2016; Canfield, 2001; Kaplan and
Rittenberg, 1964), a sample preparation artefact cannot be excluded,
although pH was maintained above 4. Oxygen isotope data are therefore
not discussed further. The occurrence of sulfate reduction is further
supported by another study conducted in the mine, which confirmed the
presence of SRB between 6 and 12 m (Lhoste et al., 2026).

Previous studies have shown that the magnitude of sulfur isotope
fractionation can be influenced by several factors, including sulfate
availability and organic carbon supply (Bradley et al., 2016; Canfield,
2001). The enrichment factor of —2.4%o0 determined here is below the
typical range expected for hydrological settings, generally between —10
and —20%o (Aelion et al., 2009). Although dissolved organic carbon has
not been measured in this study, it is likely that SRB are limited by
sulfate availability, which would constrain isotope fractionation and
explain the relatively low enrichment factor. In AMD contexts, such as
La Cueva de la Mora, the opposite occurs: abundant sulfate and low
organic carbon reduce the activity of SRB due to the limited availability
of electron donors for sulfide production (Liu et al., 2024), leading to
pronounced isotope fractionation.

Reduced sulfur species, such as H,S originating from sulfate reduc-
tion, can serve as an energy source for sulfur-oxidizing bacteria (SOB)
such as Sulfuricurvum, which were abundant at 52 m depth in the
working levels (Lhoste et al., 2026). Additionally, a phototrophic purple
sulfur bacterium (PSB), Thiodictyon, which uses HoS as an electron
donor, has been identified in the 6 — 12 m zone, highlighting an active
sulfur cycle in this layer of the open pit lake (Lhoste et al., 2026). PSB are
often found at the chemocline of meromictic lakes (Di Nezio et al., 2021;
Meyer et al., 2011).

4.2.3. Controls of water chemistry

X-ray fluorescence analysis of the sediments revealed high concen-
trations of Fe and S (approximately 6.6 wt % and 4.4 wt %, respectively,
Table 1). PHREEQC simulations showed that mackinawite (FeS) had a
SI > 1 at 36 m, while pyrite (FeS,) was several orders of magnitude
supersatured at 36 m, indicating likely precipitation of these phases.
These results, in combination with the observed black color, indicate the
presence of metal sulfides in the sediments, which is consistent with
anoxic conditions and depletion of electron acceptors observed in the
open pit lake and in working levels, and could also explain the low
concentration of dissolved sulfur in the water column (Thiel et al.,
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2019), a scenario already observed in the Butte open pit lake in Mon-
tana (Roesler et al., 2007). In sulfidic water, the concentrations of dis-
solved Fe?' and S2~ are primarily controlled by the saturation of
amorphous FeS or mackinawite rather than by pyrite itself (Hunger and
Benning, 2007; Rickard, 1997). Amorphous FeS and mackinawite are
subsequently converted to pyrite under favorable conditions, consistent
with the results of PHREEQC simulations. Similar observations have
been reported in the Butte mine, where sulfide precipitation occurs in
anoxic zones, producing mineral assemblages that include both meta-
stable FeS phases and pyrite, reflecting progressive mineral trans-
formations under anoxic conditions (Gammons et al., 2009; Roesler
et al., 2007). The Fe/S molar ratio of the sediments is 0.86, which is
much closer to that of mackinawite (1) than to that of pyrite (1.5). This
result suggests that the sediments are relatively iron-rich compared to
sulfur, and that (i) they likely contain poorly crystalline or early-stage
iron sulfides, or (ii) other Fe-bearing minerals, such as siderite
(FeCO3), may also precipitate. Siderite was slightly undersaturated at
36 m (SI = —0.7), consistent with the presence of reduced sulfur species,
which limit Fe availability, despite anoxic conditions and high dissolved
hydrogenocarbonate concentrations.

The high concentrations of Ca and Mg revealed by XRF analyses
(7.8 wt % and 3.4 wt %, respectively, Table 1), combined with
PHREEQC simulations showing calcite (CaCO3) and rhodochrosite
(MnCO3) close to equilibrium at 36 m (SI of 0.2 and —0.1, respectively),
indicate the presence of carbonate minerals in the sediments. This
observation is consistent with the increase of alkalinity with depth
following microbial activity (Fig. 3I), which promoted carbonate pre-
cipitation in the open pit lakes and in the working levels.

Hydroxyapatite (Cas(PO4)3(OH)) was supersaturated at 36 m
(SI = 2.3), which is consistent with the relatively high amount of P
measured in the sediments (2.0 wt %), as well as the increase in phos-
phate concentrations with depth (Fig. S5F). It is also very likely that
native fluorapatite was present in the sediments; however, its occur-
rence cannot be confirmed by XRF measurements due to the inability to
detect fluorine. Finally, the amount of Si and K measured in the sedi-
ments suggest the presence of silicate minerals, such as quartz and
orthoclase, originating from the surrounding rocks. Trace element in-
dicators also suggest the occurrence of zircon and Ti-bearing minerals,
which is consistent with the minerals known to occur at the site (Sabina,
1987).

To summarize, concentrations of ferrous iron and reduced sulfur
species in the water column are very likely controlled by the precipita-
tion of amorphous FeS, while the precipitation of carbonate minerals
such as calcite controls calcium and hydrogenocarbonate concentra-
tions, rhodochrosite controls dissolved manganese, and phosphate
concentrations are regulated by the precipitation of phosphate minerals
such as hydroxyapatite. These controls have been documented in floo-
ded mine and meromictic environments, where strong gradients in ox-
ygen concentrations and electron acceptor distribution promote the
sequential precipitation of sulfides, carbonates and phosphate minerals
(Gammons et al., 2006a; Thiel et al., 2019).

4.3. Trophic status and nutrients in the water column

Vertical profiles revealed a meso-eutrophic photic zone (0 — 4 m; TSI
56 — 60; Secchi depth = 5 m), indicating moderate surface productivity
(Carlson, 1977; OECD, 1982), with phytoplankton biomass ranging from
8 to 25 pg/L Chl a. Below the thermocline, in the monimolimnion,
nutrient concentrations were substantially higher than at the surface (TP
up to 124 pg/L; TN 0.93 mg/L; Chl an up to 55 pg/L; TSI >80), reflecting
the accumulation of nutrients under anoxic conditions due to the
stratification of water that limited vertical mixing (Fig. 4 and SI,
Fig. S5F). This internal nutrient enrichment of anoxic, deeper water is
well documented in stratified eutrophic lakes (Niirnberg, 1984;
Sgndergaard et al., 2003), and similar enrichment patterns have been
observed in other meromictic lakes. In Lake Lubinskie (TSI = 61),
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vertical nutrient distributions, low visibility (2 m), TP (130 pg/L) and
TN (3.8 mg/L) profiles indicate productivity restricted to certain layers
(Zielinski et al., 2019). The vertical distribution of ammonium and
phosphate is primarily controlled by depth and DO, as also indicated by
multivariate analyses (see Section 3.8.). In the Blackburn pit lake,
phosphorus and ammonium accumulation below the thermocline con-
firms that density, thermal stratification and internal processes regulate
nutrient distribution, while the photic zone remains meso-eutrophic,
reflecting biological dynamics and external inputs rather than vertical
mixing.

The absence of nitrate and nitrite in the monimolimnion, combined
with high NH} concentrations (up to 1.5 mg/L below 20 m, Fig. 4C),
suggests active ammonification and/or accumulation of ammonium
from organic matter in the sediments and in the anoxic water, while the
lack of oxygen limits nitrification. The detection of an ammonia-
oxidizing nanoarchaeon (strain designation: GW2011) in the Black-
burn mine highlights the possible role of ammonium as a key ecological
driver (Lhoste et al., 2026). However, since ammonium oxidation re-
quires oxygen, this microbial activity is most likely confined to a suboxic
zone, rather than in the strictly anoxic monimolimnion. In contrast, in
the mixolimnion, the shallow, oxygenated photic layer promotes rapid
biological uptake of nitrogen and phosphorus, contributing to the rela-
tively low dissolved nitrogen concentrations near the surface. These
observations are consistent with those reported in other stratified pit
lakes, where microbial mineralization in deep water and
redox-controlled nutrient transformations along the water column
induced similar vertical redox and nutrient gradients (Castendyk and
Eary, 2009; Geller et al., 2013; Wetzel, 2001).

The observed accumulation of Chl a below the photic zone has been
often described in stratified waters and may result from two non-
exclusive mechanisms. First, accumulation of pigments from dead or
slowly degraded phytoplankton as well as detritus can lead to elevated
Chl a concentrations without indicating active photosynthesis (Cullen,
2015). Second, the presence of mixotrophic eukaryotes at these
depths, which combine photosynthesis with bacterivory, may contribute
to the retention of Chl a in deeper water (Lhoste et al., 2026; Stoecker
et al., 2017).

4.4. Persistence of meromixis

The Blackburn open pit lake exhibits several characteristics typical of
meromictic lakes: (i) a strong and apparently stable stratification (sup-
ported by RDA and PERMANOVA analyses identifying depth and DO as
the main structuring factors with negligible seasonal effects), (ii) a
pronounced gradient in oxygen and electron acceptor availability be-
tween layers, with an oxygenated mixolimnion and an anoxic mon-
imolimnion characterized by an enrichment in nitrogen and
phosphorus, and (iii) the presence of microorganisms typical of such
environments (Lhoste et al., 2026).

The Blackurn open pit lake is relatively deep and narrow, with an
approximately 10 m high wall surrounding the pit lake (Fig. 1D). This
morphology is expected to reduce wind exposure and limit mechanical
mixing of the water column. This is consistent with the concept of
relative depth, where pit lakes with high depth-to-surface area ratios
experience reduced wind-driven mixing and more persistent stratifica-
tion compared to natural lakes (Castendyk and Eary, 2009; Geller et al.,
2013). Similar cases include Lake Pavin (a natural volcanic lake) and
Iron Mountain (an open-pit lake), both of which are meromictic lakes
(Bond et al., 2000; Olive and Boulegue, 2004). During the sampling
period in 2024 and 2025 (from May to October), the water column of the
Blackburn pit lake exhibited stable stratification, with a denser, slightly
more mineralized lower layer (p = 1000.19 kg/m?® at 43 m) underlying
less mineralized surface water in the open pit lake (p = 999.65 kg/m°> at
1.5 m, Table S6). While the amplitude of the density gradient was
smaller than in some meromictic AMD environments, such as La Cueva
de la Mora (Sanchez-Espana et al., 2009), similar seasonal stability and
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solute-driven  density stratification have been observed in
low-mineralization lakes, where moderate but persistent density dif-
ferences were sufficient to limit vertical mixing (Olive and Boulegue,
2004).

This weak density gradient, combined with the regional climate,
suggests the potential for occasional lake overturn. Temperatures
measured in the mixolimnion ranged from 8 °C (late October 2024) to
16 °C (summer 2024, Fig. 3A). Given the local climate (SI, Fig. S1), the
temperature of the mixolimnion could reach 4 °C in early spring or late
autumn, when the lake is free of ice but outside of the sampling period,
hence attaining the maximum density and leading to a complete or
partial lake overturn. While partial mixing of the mixolimnion could
occur without disturbing the monimolimnion (Boehrer and Schultze,
2008), the thin mixolimnion makes this unlikely. The sole hint of par-
tial or complete overturn is provided by some EC measurements in
spring, which reached nearly 400 pS/cm, whereas values later in the
sampling season were around 300 pS/cm or lower (Fig. 3B). While
convective cells have been observed in some flooded mines under spe-
cific thermal and density gradients (Mugova and Wolkersdorfer, 2022),
the small density differences and limited temperature variations
observed in the Blackburn pit lake suggest that such processes are un-
likely to occur.

5. Conclusion

The study of the flooded Blackburn open pit revealed a well-
stratified, meromictic water column, characterized by an oxygenated 8
— 9 m thick mixolimnion and a thermocline located at around 5 m,
overlying a stable, anoxic, and more mineralized monimolimnion below
11 - 12 m, separated by a 1 — 1.5 m thick chemocline. Depth and dis-
solved oxygen strongly controlled the chemistry of the water column,
while TDS concentrations and density differences, although small, were
sufficient to maintain seasonal thermal and density stratification. Sea-
sonal processes such as snowmelt or ice cover may promote partial
vertical mixing; however, there is limited evidence that such mixing
occurred during the sampling period. Stable stratification led to accu-
mulation of nutrients in the monimolimnion, emphasizing the role of
internal recycling in shaping nutrient distribution. Sulfate reduction was
evidenced in the upper part of the monimolimnion, and the formation of
metal sulfides, as well as carbonate precipitation, represented key con-
trols on water chemistry.

Given the lack of studies on flooded abandoned apatite and/or mica
mines in this region, the Blackburn open pit lake represents a useful
model system that may be representative of similar artificial aquatic
environments. The insights gained from this study could inform the
monitoring, prioritization, and management of abandoned, flooded non-
metallic mica and apatite mines in Quebec and across Canada.
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