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Abstract 

Humidity cell test represents one of the most popular geochemical characterization methods for 

predicting the reactivity and for estimating the leachate quality of mining waste materials. Yet, the 

interpretation of such laboratory test results can vary widely, and its validity and applicability can be 

impaired by poor characterization of the experimental details, sample representation, and the inability 

to correctly identify the key contributions of the relevant processes. In this study, we investigate the 

leaching behavior of mine waste rocks, collected from the Särkiniemi mine site in Finland, by means of 

humidity cell tests. The experiments were performed according to the ASTM standard D5744-18 and 

by utilizing two distinct experimental cells, packed with the same waste rock, with considerably 

different dimensions and shapes. The results show considerably higher chemical weathering rates of 

the waste rocks and mass loadings of different elements (approximately by two- to threefold) in the 

long/narrow shaped humidity cell setup compared to the short/broad cell. The observed leachate 

concentrations also suggest the possibility for potential influences from microscale chemical 

heterogeneity, despite the attempts to homogenize the waste rock samples by crushing and mixing prior 

to packing. The humidity cell test results were quantitatively interpreted with process-based multiphase 

and multicomponent reactive transport modeling, which allowed detailed examination of the complex 

interplay between chemical reactions and physical processes, helped distinguishing the dominant 

mechanisms, and facilitated the identification of the controlling factors leading to fundamental 

challenges associated with the analysis of such results. While the experimental results could be 

reproduced by fitting different conceptual models or by adjusting model parameters, the model 

suggests that such simulation outcomes cannot be fundamentally treated as predictive without the 

proper knowledge of the dynamics of water flow and solute/gaseous transport during these tests.  

Keywords: acid rock drainage; acid mine drainage; waste rock; reactive transport modeling; coupled 

processes; drainage quality 
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1. Introduction 

Mine waste represents one of the most critical aspects of mining activity due to environmental and 

societal impacts not only restricted to the period of extraction but also during the post-closure period 

(e.g., Aznar-Sánchez et al., 2018; Bao et al., 2020a,b; 2022; Blowes et al., 2003; 2014; Brusseau et al., 

2004; Dolenec et al., 2007; Helser and Cappuyns, 2021; Jamieson et al., 2015; Johnson et al., 2000; 

Nordstrom, 2011; Nordstrom and Munoz, 1994; Virolainen et al., 2020). The chemical weathering 

processes of mine waste materials are known to cause severe pollution of streams and groundwater 

bodies by releasing into the aqueous phase elevated concentrations of sulfate, acidity, metal(loid)s, and 

other toxic compounds, implying harmful geochemical alteration of surrounding ecosystems, decrease 

in freshwater quality with serious social impacts and high costs of remediation (e.g., Akcil and Koldas, 

2005; Barnes et al., 2009; Bear, 2018; Bermanec et al., 2018; Brown et al., 2002; Elberling et al., 1994; 

Jambor, 2003; Khoeurn et al., 2019; Morais et al., 2008; Muniruzzaman et al., 2021; Rodríguez-

Hernández et al. 2021; Seal et al., 2008). To reduce and prevent the impacts of the mining-derived 

contamination, typically employed measures target to inhibit mineral weathering and to attenuate the 

transport of reaction products within the waste facility (e.g., Dold et al., 2009; Dold, 2017; Nordstrom 

et al., 2015; Raymond et al., 2020). This requires a quantitative prediction of the generation and 

spreading of acidity/harmful elements to design their adequate containment actions (e.g., Aubertin et 

al., 2002, 2006; Awoh et al., 2013; MEND, 1991; Pabst et al. 2017, 2018; Younger et al., 2002). The 

identification of all relevant hydrogeological and geochemical processes contributing to the low quality 

of mining waters is one of the key requirements to achieve a highly detailed prediction and risk 

assessment (e.g., Amos et al., 2015; Appels et al. 2018; Battistel et al., 2019; 2020; Molson et al., 2005; 

Muniruzzaman and Pedretti, 2020). Two commonly adopted approaches to understand and predict the 

geochemistry resulting from these mechanisms include laboratory-based testing conducted on mine 

waste samples and process-based numerical modeling (e.g., Barnes et al., 2015; Ferguson and 
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Erickson, 1988; Hudson-Edwards et al., 2011; Lawrence, 1990; Lawrence and Wang 1996; Lee and 

Chon, 2006; Muniruzzaman et al., 2018a,b; Steefel et al., 2015; White et al., 1999). Humidity cell test 

(HCT) represents one of the most popular laboratory-based kinetic testing methods, which is designed 

for a long-term investigation of the temporal changes in geochemistry of mine waste samples and for 

possible quantification of mineral weathering and acid-production rates (e.g., Lapakko, 2003; 2015; 

Karlsson et al., 2021; Maest and Nordstrom, 2017; Pabst et al., 2017; Parbhakar-Fox and Lottermoser, 

2015; Smith et al., 2000).  

While the humidity cell type laboratory tests are widely used across the practitioners and researchers 

community and are often treated as predictive tools in mine waste studies, extrapolation of the results 

obtained from such small-scale testing into larger field-scale scenarios remains an unsolved issue (e.g., 

Ardau et al., 2009; Davis et al., 2019; Kempton, 2012; Malmström et al., 2008; Maest et al., 2006; 

Morin and Hutt, 2000; Plante et al., 2014; Servida et al. 2009; Vriens et al., 2019; 2020). The detailed 

interpretation of these laboratory test results and the correct quantification of mine wastes‘ reactivity 

beyond certain degrees of uncertainty often involve significant challenges especially for predictive 

purposes (e.g., Consani et al., 2019; Kalonji-Kabambi et al., 2020; Mattbäck et al., 2021). One possible 

reason for such challenges is associated with our inability to precisely conceptualize the experimental 

system due to lack of spatially and temporally resolved physical and chemical data in high resolution in 

these standardized testing frameworks. Maest and Nordstrom (2017) also argued that the available 

geochemical data from humidity cell tests are vastly underutilized in current interpretation practices in 

the quest for understanding mine waste weathering chemistry. Therefore, further research is necessary 

to extend these test protocols and/or monitoring schemes to allow a more enhanced data collection in 

kinetic testing to confidently identify the complex interplay between the key physicochemical 

processes (e.g., Banwart and Malmström, 2001; González-Sandoval et al., 2009; Zhao et al., 2014). 

Furthermore, the results obtained from kinetic tests are rarely analyzed with detailed quantitative tools 
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such as process-based reactive transport modeling approaches although such models can complement 

the interpretation of the experimental results and can allow an accurate quantification of flow, 

transport, and reaction parameters.  

In this study, we investigate the leaching behavior of waste rocks collected from the Särkiniemi mine 

site, Finland, by means of humidity cell tests and explore the fundamental challenges associated with 

the detailed interpretation of the test results and the prediction of chemical reactivity of waste rocks. 

The tests were performed by following the ASTM standard D5744-18. For the experimental cell, we 

have considered two distinct dimensions and shapes in which the first cell involves a cylindrical 

column with relatively longer but narrower shape (smaller diameter, larger length), whereas the second 

cell has a shorter and wider shape (i.e., larger diameter, smaller length). These humidity cells were 

packed with the same waste rock, and the experiments were performed under identical conditions. Both 

cells were periodically flushed for a period of 22 weeks with identical water volumes, and the outflow 

water and elemental loadings were measured as a function of time. The results obtained from the 

humidity cell tests were interpreted with process-based reactive transport simulations, using a recently 

released code AMD-PHREEQC (Muniruzzaman et al., 2020a, b), which allowed analyzing the 

complex interplay between the chemical reactions and physical processes and helped elucidate the key 

reasons behind the inherent difficulties to obtain an accurate quantification of the chemical weathering 

rates.  

 

2. Humidity Cell Test  

2.1 Experimental setup and procedure 

The humidity cell tests were performed following the instructions provided by the ASTM standard 

D5744-18. The experimental setup is equipped with two cylindrical shaped cells with distinct 
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dimensions (Fig. 1). The first cell (Cell L) involves a longer but narrower shape with inner dimensions 

of 20.3 cm (height) × 10.2 cm (diameter), whereas the second setup (Cell S) has a shorter but wider 

shape with 10.2 cm of height and 20.3 cm of inner diameter. According to the ASTM guidelines, the 

long/narrow cell is suggested for the waste rocks, whereas the short/broad cell is recommended for the 

tailings materials (ASTM, 2013). In this study, we aimed at investigating the possible controls of cell 

dimensions on the overall weathering behavior of waste rocks. Both cells were homogeneously packed 

with the crushed waste rock samples with a grain size of ~75% of the material passing through the 4 

mm sieve (Fig. S1, Supplementary Material). Each experimental cell contains a perforated disk, located 

at 1.25 cm above the base, which sustains the sample and fits to the outer diameter of the cells for 

allowing the leachate to drain. The top opening of the cells is hermetically closed by a lid that 

minimizes strong evaporation and air flow accidental escape. Both the lid and the base have a hole in 

the center where a barbed connector is fixed for attachment to the air and water outflow tubing, 

respectively. A similar connection is also used for the air inflow tubing placed along the wall of each 

cell.  

 
Figure 1. Schematic of the humidity cell setups used in this study. 
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In both setups, the tests were performed for a duration of 22 weekly cycles. Each of these cycles 

involves the repetition of the same sequence of three particular events, where the first event represents 

the flushing of the humidity cells, packed with waste rock sample, with certain volumes of pure water 

(i.e., 1 L in the first week and 0.5 L in the remaining weeks) and the subsequent collection of leachates 

at the outlet of the cells. This flushing was done by slowly pouring water from the top boundary 

without causing hydraulic agitation of the rock particles for an impulsive discharge. This step took 

about 2-3 hours, and the flooded sample was left to rest inside the cell for approximately 1 hour, so that 

saturated conditions within waste rocks‘ pores could be considered established. Afterwards, the water 

was allowed to drain out of the cells and the effluent was collected in a flask for the rest of the day and 

the following night. During this sampling period, lids were placed to close the cell openings and to 

reduce the effects of evaporation and airborne contamination on the sample. The collected leachates 

were immediately analyzed for the effluent water volume, redox potential, electrical conductivity, and 

solution pH, whereas the elemental concentrations were measured with ICP-MS, ICP-OES and ion 

chromatography. After the flushing period, relatively dry air (relative humidity of ~10%) was pumped 

for a period of three days into the experimental setup through the bottom wall tubing, and this 

particular event is termed as the so called ―dry period‖. A continuous supply of oxygen transported 

within the air flow led to gas saturated conditions and circumvented any limitations to sulfide oxidation 

reactions given by deficiency of reactants. In fact, the evaporation of the interstitial water was 

enhanced without drying out the sample completely, and consequently more pore space was available 

for air phase and oxygen diffusion during this period. The last three days of a weekly cycle involved 

the ―wet period‖, which considered the injection of humid air (relative humidity ~95%) into the 

experimental cells. This step induced the moistening of the sample, maintaining an effective oxygen 

supply throughout the pore space, and allowed to create a network of water between the voids. After 

the wet period, a new weekly cycle was started with a new flushing of the sample. The experiments 
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were performed in an accredited laboratory by Eurofins Oy, Kuopio. For further details regarding the 

experimental procedure and instrumentation, the readers are referred to the ASTM standard D5744-18 

documentation. 

 

2.2 Waste rock sampling and analyses 

The waste rock samples used in this study were collected from the Särkiniemi mine site, located in the 

Leppävirta municipality in eastern Finland. The site was operational from 2007 to 2008 during which 

around 65000 t of Ni-Cu ore was excavated (Tornivaara et al., 2018). The operation started as a small-

scale open pit and continued in the form of underground workings. Although the ore was processed at 

another mine site (i.e., Hitura, northern Ostrobothnia, Finland), where tailings have been stocked, 

workings at the Särkiniemi site generated 38000 t of waste rock, of which 25000 t was dumped into the 

open pit and the rest was deposited in the waste rock pile and was covered with till. A small portion of 

the waste rock was crushed for aggregate and is still stored as small piles at the mine site. The 

Särkiniemi waste rock is composed of mica gneiss, peridotite, gabbro and hornfels (e.g., Makkonen 

and Halkoaho, 2017), and the main minerals include biotite (33 wt%), non-albitic plagioclase (20 

wt%), quartz (17 wt%) and Fe-hornblende (6 wt%) (Karlsson et al., 2018b; Table S5). Detected 

sulfides were mainly pyrrhotite (2.8 wt%), traces of pentlandite, chalcopyrite and pyrite, and the total S 

content was ~4.58%. The total carbon content was low (~0.08%), and the detected carbonate minerals 

(only traces of dolomite) were in the range of the detection limit. According to the static tests and field 

measurements by Karlsson et al (2018a), the Särkiniemi waste rock was characterized as acid 

producing. The measurements performed on the surrounding soils and water bodies revealed high 

concentrations of Ni and acidic conditions with pH as low as 3.3 (Karlsson et al., 2018a; Tornivaara et 

al. 2018). The chemical analyses conducted on the waste rock samples included hot aqua regia 
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extraction using a modified version of the ISO-11466 standard (Niskavaara 1995), and the 

determination of total S and C using a pyrolytic method (Leco) and infrared detection according to the 

ISO 15178 and ISO 10694 standard, respectively. For the experiments performed in this study, sulfide 

containing waste rock pieces were collected at the open pit. The weathered surfaces of the rocks were 

removed, the remaining fresh (unweathered) inside parts were crushed, and the material was divided 

into 1 kg sub-samples. One sub-sample was used in the humidity cell L, whereas the other was utilized 

in the packing of humidity cell S. 

 

3. Numerical Modeling 

The humidity cell experiments were modeled as a reactive transport problem adopting a multiphase and 

multicomponent formulation with an explicit treatment of the coupled diffusive/dispersive fluxes of 

aqueous and gaseous species, effects of inter-ionic and surface-solution electrostatic interactions, and a 

wide range of equilibrium and kinetic aqueous/mineral reactions. These simulations were performed 

with the recently released code AMD-PHREEQC (Muniruzzaman et al., 2020a), which utilizes a finite 

volume method for the multiphase reactive transport, and a sequential non-iterative operator splitting 

scheme, relying on the geochemical software PHREEQC (Parkhurst and Appelo, 2013) as a chemical 

reaction engine (e.g., Muniruzzaman and Rolle, 2016; 2019; Parkhurst and Wissmeier, 2015; Rolle et 

al., 2018; Sprocati et al., 2019). The following sections summarize the main flow and transport 

equations describing the experimental systems, whereas further numerical details regarding the AMD-

PHREEQC code are available in Muniruzzaman et al. (2020a). 

3.1 Flow and transport equations 

The water flow in partially saturated porous medium is typically described by the Richards equation 

(e.g., Mayer et al., 2002):  
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unsaturated hydraulic conductivity tensor, and Qs [1/s] is the source/sink term. We used the van 

Genuchten-Mualem (Mualem, 1976; van Genuchten, 1980) model to describe the water retention 

properties within the humidity cells. Furthermore, the transport of aqueous and gaseous species in the 

experiment can be described by the mass balance equation: 
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 [m/s] are the specific discharge vectors, Ji
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/s] are 

the vectors for diffusive/dispersive fluxes in each phase, Rr [mol/m
3
/s] is the reactive source/sink term, 

and υir [-] is the stoichiometric coefficient of species i for r-th reaction. The mass transfer between the 

aqueous and gaseous phase is described by the Henry‘s law (
w

ii

g

i cHc  ), and the diffusive/dispersive 

flux of aqueous solutes is defined by the Nernst-Planck equation (e.g., Appelo and Wersin, 2007; 

Cussler, 2009; Muniruzzaman et al., 2014; Rolle et al., 2018): 
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where γi
w
 [-] is the activity coefficient,   

  is the dispersion tensor, Ζi [-] is the charge number, R 

[J/mol/K] is the ideal gas constant, F [J/V/eq] is Faraday‘s constant, and ϕ[V] is the electrical potential.  

For the multicomponent diffusion of gaseous species, we used the Maxwell-Stefan equation, which is 

written as (e.g., Ahmadi et al., 2020; Krishna and Wesselingh, 1997): 
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where, 
g

ijD [m
2
/s] is the binary Maxwell-Stefan diffusion coefficients, Di

K
 [m

2
/s] is the Knudsen 

diffusion coefficient, Mi
g
 [kg/mol] is the molecular weight, and χi

g
  1

Ng g

i ii
c c


  [-] is the mole 

fraction in the gas phase.  

The above expressions describing multicomponent transport in the aqueous and gas phase represent a 

more generalized framework compared to the classical Fickian description, and explicitly consider the 

dependency of a particular solute‘s flux not only on its own properties, such as concentration and 

partial pressure, diffusion/dispersion coefficient, activity coefficient and charge, but also on the 

interactions with solute species and/or porous matrix (e.g., Appelo and Wersin, 2007; Boudreau et al., 

2004; Cogorno et al., 2022; Krishna and Wesselingh 1997; Muniruzzaman and Rolle, 2015; 2017; 

2021; Rolle et al., 2013). 

 

3.2 Conceptual model, boundary conditions, and chemical reaction network 

To simulate the humidity cell tests, the experimental system was conceptualized as a quasi-1D porous 

media with uniform physical and chemical properties. Since the waste rocks used in the experiments 

were systematically sorted and the cells were packed homogeneously, such assumptions are generally 

justified to adequately describe the system. To mimic the flushing event during the experiment, we 

employed a time varying boundary condition, involving a fixed water flux during the flushing period 

(first 2-3 hours of a weekly cycle) and a zero-water flux condition during the rest of the week, at the 

top of the setup. The value of the water flux during the flushing time was calculated by dividing the 

total water volume by the pouring duration and the cross-sectional area of the cell (Fig. S2, 

Supplementary Material). The bottom boundary was considered as the free-drainage and the infiltration 
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of water through the domain corresponds to mainly vertical propagation through a 1-D partially 

saturated porous media. We used the van Genuchten-Mualem model to simulate the hydraulic retention 

functions, and for the van Genuchten parameters (α, n, l and Ks) we adjusted the values, by restricting 

ourselves in the typical range reported for sandy material, to obtain a good match with the 

experimentally measured water and elemental mass loadings. 

The multicomponent transport was simulated by imposing a third type boundary at the top, according 

to the dynamic water inflow rate described above and the atmospheric gaseous composition, and a free-

exit boundary at the bottom. The aqueous transport was assumed to occur by the advection-dispersion 

mechanisms, whereas the gaseous transport was simulated as the purely diffusive mechanism. We have 

also neglected the Knudsen diffusion term in Eq. (4) and assumed that the molecular diffusion is the 

dominant process in the experiments. Furthermore, we have not explicitly simulated the gas pumping 

during the dry and wet periods for simplicity. Since the gas diffusion is significantly fast, leading to an 

oxygen saturated condition in the domain within a short period of time (confirmed by conservative 

transport simulation of O2; Fig. S5, S6, Supplementary Material), the explicit treatment of gas 

advection would probably lead to similar results. The initial condition of the domain was calculated by 

equilibrating pure water with the mineral phases and gaseous N2. The aqueous chemistry involved all 

the primary and secondary aqueous species including ion-pairs and intra-phase complexes. Moreover, 

the gaseous species involved O2, CO2, and N2 since they were the relevant species in these 

experiments. The list of diffusion coefficients for the aqueous and gaseous species as well as the model 

input parameters for both humidity cell simulations are reported in the Supplementary Material (Table 

S1, S2, S3).   

The chemical reactions occurring in the humidity cells were simulated by considering a series of 

aqueous speciation and kinetic dissolution/precipitation of minerals. We particularly considered pyrite, 
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pyrrhotite, pentlandite, chalcopyrite, biotite, serpentine, muscovite, anorthite, dolomite, chlorite as the 

primary minerals, and ferrihydrite and gibbsite as the secondary minerals. All mineral reactions were 

simulated as kinetically controlled with the kinetic rate laws listed in Table S4 (Supplementary 

Material). Since the reactive surface area (Ae) and the rate coefficient (k) appear as multiplication 

factors in the rate expression, we have considered the combined effects of these parameters by fitting 

an effective parameter (kf = Aek) for brevity. The fitting was performed as a trial-and-error basis. All 

the heterogenous and homogenous reactions along with the overall chemistry were simulated by a 

modified version of the standard PHREEQC database (phreeqc.dat), where additional mineral and 

aqueous reactions were incorporated to include the definitions listed in Table S4.  

 

4. Results and Discussion  

The humidity cell tests conducted in Cell L and Cell S were simulated as multiphase and 

multicomponent reactive transport processes as described in the previous section, and in the following 

the model results are discussed together with the experimental data obtained from these tests. The data 

correspond to the measurements of the effluent water volumes and the elemental loadings resulting 

from each weekly cycle of the test, hence they represent only weekly-averaged data points. In the 

model, the weekly mass loadings were calculated by temporally integrating the exfiltrating solute 

masses over the entire week to allow a direct comparison with the humidity cell data.  

 

4.1 Water loading and flow dynamics in humidity cells 

Figure 2 shows the measured water loadings at the outlet of both experimental setups, and a 

comparison with the corresponding numerical simulations. The first two row panels show the weekly 

(a-b) and cumulative (c-d) water loadings, which suggest that most of the inflow water (~80% in most 

data points) is indeed recovered at the outlet in every weekly cycles. The model generally tends to 
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overestimate both the weekly and cumulative water volumes/masses compared to the measurements in 

both humidity cell experiments. This is probably because of evaporation and possible water loss in 

moistening of solid grains during experiments, and such processes were not considered in the presented 

simulations for simplicity although these effects can be mimicked in the model by employing a certain 

evaporation rate at the top infiltration boundary. However, a good agreement exists between the 

simulated and experimental water loadings as illustrated in Figure 2, and this discrepancy should not 

have significant effects on the reactive transport simulations given the other unknowns related to 

hydraulic properties and flow dynamics in the experiment.       

Panels e – h illustrate the temporal evolution of the simulated water fluxes at the outlet of the setup and 

the volumetric water contents at the center of the model domain for Cell L and S. In both cells, the 

model simulation suggests that the outflow water fluxes show high spikes at the beginning of each 

weekly cycle, when the waste rock sample is flushed with water for approximately three hours, 

followed by a gradually decreasing trend until the end of the week (Fig. 2e, f). A closer inspection 

reveals that the peak arrival of the water flux is rather rapid, suggesting a fast water percolation 

velocity through the experimental cells, in each week (Fig. S4a-b, Supplementary Material). The flux 

breakthrough curve involves the repetition of the same events in all 22 weekly cycles. A similar trend 

is also observed in the simulated water content profiles, which show a maximum water content roughly 

around the second to third hour in every weekly cycle (Fig. 2g-h). Afterwards, the water saturation 

gradually decreases as the water exfiltrates through the bottom boundary. This behavior is consistent 

with the typical observations in sand type materials, where large, interconnected pores resulting from 

the coarse particle grains lead to high permeability as well as low retention capacity of the waste rock 

sample. Therefore, water can exfiltrate from the humidity cells within a significantly short period of 

time (Fig. S3, Supplementary Material). It is worthwhile to mention that the specific discharge 

magnitude in Cell L (Fig. 2e) is higher compared to the one from Cell S (Fig. 2f). This results from the 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



  15  

 

fact that a relatively smaller cross-sectional area in Cell L leads to a comparatively higher specific 

discharge rate for the identical water volume used in the flooding of both cells. Such differences due to 

cell dimensions are also observed in the simulated water content profiles as the maximum volumetric 

water content appears to be generally smaller in Cell S (Fig. 2g, h; Fig. 3a,f). These interacting effects 

driven by cell geometry have direct implications on the residence time distribution and the transport of 

dissolved solutes in the humidity cells. On the one hand, the higher specific discharge contributes to a 

faster propagation of the water infiltration front and, hence, a higher advective velocity in Cell L 

compared to Cell S. On the other hand, relatively smaller water contents in Cell S reduce the hydraulic 

conductivity but increases the seepage velocity, and the shorter cell length indicates a smaller travel 

distance in this experiment. The ultimate consequence is that the effects of water flux, cell length, and 

water saturation cancel out each other leading to a rather comparable effective seepage velocity and 

residence time distribution in both cells. This explains the comparable evolution patterns observed in 

the simulated temporal water content profiles (Fig. 2g,h) as well as in the vertical profiles of water 

content (Fig. 3a,f), specific discharge (Fig. S3b,h), and conservative tracer concentration (Fig. 

S3e,f,k,l) in both setups. This implies that the ultimate impact of cell geometry is somewhat diminished 

(compared to what is expected solely from the distinct specific discharge rates in both cells) due to 

complex unsaturated flow dynamics. However, the calculation of residence times (τ = xθ
w
/q

w
) at 

different temporal snapshots (Fig. S3c,d,i,j) as well the inspection of the breakthrough curve of a 

conservative tracer (Fig. S4c-d; ) suggest that the effective residence time in Cell L is still shorter, 

leading to a faster arrival of the tracer breakthrough in this cell compared to Cell S.  
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Figure 2. Observed (markers) and simulated (lines) weekly (a, b) and cumulative (c, d) water loadings, 

simulated temporal profiles of the water flux at the outlet (e, f), and modeled water content profiles at 

the middle of the domain (g, h) for the humidity cell L (long/narrow cell, left column panels) and Cell 

S (short/broad cell, right column panels).  

 

A critical aspect that is usually overlooked in humidity cell tests or in similar kinetic testing 

frameworks is the lack of information regarding the hydraulic properties of the waste sample or any 

systematic attempts to characterize the flow dynamics inside the experimental cell. Particularly, the 

data related to the hydraulic retention parameters (e.g., van Genuchten characteristic parameters), 

hysteresis of water in the waste material under question, and temporally resolved measurement of the 

water content in the porous matrix are typically not available in these kinetic testing. Consequently, it 

is not possible to calibrate the flow model to capture the local flow dynamics in high temporal and 

spatial resolution because each flushing event within a weekly cycle is indeed composed of a complex 
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sequence of infiltration and drying fronts. Although the overall water balance in such experiments can 

be well captured by using literature/theoretically estimated parameters, as done in this study and 

illustrated in Fig. 2, it should be emphasized that the local dynamics of the flow field (rather than the 

flushing/leachate water volume) exert the primary control on the overall weathering behavior of the 

waste material. In fact, the water balance alone does not represent at all the actual flow conditions in 

such experimental domains because the same exfiltrating water volume can imply significantly 

different distributions of the local velocity field as well moisture dynamics, which ultimately determine 

the contact time between water and rock phases and the mass-exchange between different phases 

during chemical weathering processes.  

From a modeling perspective, one can also argue that a wide range of hydraulic parameters (e.g., 

hydraulic conductivity, soil-water retention parameters) along with the boundary conditions can satisfy 

the same water balance. Therefore, the capability to simulate only the total exfiltrating water volume 

does not represent capturing the complex flow dynamics in the experimental domain. In fact, the flow 

conditions in such experiments can be neither realistically conceptualized nor quantitatively simulated 

based on a numerical model without knowing the temporal evolution of the moisture content within the 

domain (i.e., similar profiles as shown in Fig. 2g, h). Additional simulations revealed that the weekly 

water loadings were indeed quite insensitive to the hydraulic parameters for both experiments, and 

different combinations of the model parameters led to the same leachate water volume although the 

local water content dynamics was considerably different in the individual model scenarios (Fig. S7, 

Supplementary Material). Furthermore, the same water balance can also be reproduced by using 

different conceptual models and/or boundary conditions such as steady-state water flow condition (e.g., 

with a constant water flux top boundary and a constant hydraulic head bottom boundary, as used in 

Seigneur et al., 2020) or a more detailed conceptual model including an explicit treatment of waste 

sample flooding, gas advection during dry and wet periods within a cycle, and vapor transport. Without 
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the proper knowledge of water flow and the relevant experimental data, any of these models is equally 

good to describe the presented experiments and a unique model (or a set of parameters) representing 

the actual experimental conditions cannot be identified. This indicates the little usefulness of fitting 

only outflow water volumes and demonstrates the extreme challenges in characterizing the flow 

dynamics, isolating the contribution of water flow in overall waste rock weathering mechanisms, 

interpreting the test results from a detailed quantitative framework such as process-based numerical 

modeling, and eventually predicting the reactivity of the tested solid materials.  

While the ultimate objective of a humidity cell type standardized testing is to quantify the leaching 

behavior and chemical reactivity of the waste material under consideration and the information on 

water flow is perceived to be redundant in typical practices, the adequate characterization of water flow 

is probably inescapable for an accurate prediction because the dynamics of the flow velocity field 

fundamentally represents a first-degree control on the reactive interactions between the solid, liquid, 

and gas phases. Therefore, further research is essential to reevaluate the required set of 

parameters/measurements in kinetic testing, to improve the current kinetic testing practices, and to 

extend these standardized test protocols to systematically capture the water flow dynamics along with 

the effluent chemistry and reaction parameters. For instance, the humidity cell tests or similar leaching 

tests can be equipped with sensor based measurement schemes in single/multiple spatial locations (e.g., 

as adopted in Bao et al., 2020a, 2022; Pabst et al., 2017; Poaty et al., 2018), and with explicit 

measurement of the geotechnical and hydraulic parameters, which would allow obtaining data on the 

water content inside the experimental system in high temporal resolution (i.e., to measure temporal 

profiles as shown in Fig. 2g, h) as well as on the hydraulic retention properties. The incorporation of 

such additional measurements can significantly improve our capability to quantitatively interpret the 

test results as well as to predict the reactivity and leachability of the tested material with proper 

confidence without increasing dramatically the costs required to perform these tests.  
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4.2 Elemental loading, mineral dissolution-precipitation, and reaction rates 

Figure 3 shows the simulated vertical profiles of water saturation, gaseous partial pressures, pH, and 

sulfate concentration at different times during the first weekly cycle. The analogous spatial profiles for 

the dissolved ions and minerals are presented in the Supplementary Material (Fig. S9 – S11). These 

results can be regarded as the short-time dynamics at the early stage of a weekly cycle in Cell L and S. 

Fig. 3a,f visualizes that the water percolation is indeed fast in both cells and a maximum water 

saturation is achieved within the timescale of an hour. Although the water infiltration fronts show a 

comparable propagation at different time instances in both experiments, the maximum saturation 

achieved during the infiltration event is relatively lower in Cell S (Fig. 3a, f). This outcome is 

consistent with the behavior observed in the temporal profiles in Fig. 2. The transport of gaseous 

species appears to be significantly fast in these setups, and the domain becomes saturated with respect 

to oxygen in the timescale of minutes (Fig. 3b,c,g,h). This implies that the oxygen consumption due to 

mineral reactions is overtaken by the continuous replenishment of oxygen by the abundance of gaseous 

phase and the fast gaseous diffusion mechanisms. Interestingly, the effect of cell geometry is also 

visible in the simulated gaseous partial pressure profiles for a short duration. While the ingress of O2 

and egress of CO2 show comparatively fast dynamics with typical diffusion like profiles in Cell S, 

more complex profiles are observed in Cell L. This can be explained by the different degrees of 

maximum water saturation achieved in the two experimental scenarios.  The considerably higher water 

saturation (representing the close to ―fully water-saturated condition‖ with Se
w
 ≈ 0.90) during the 

infiltration event facilitates the dissolution/exsolution of the gaseous phase for short periods, leading to 

local increase and decrease of pO2 and pCO2 in Cell L (Fig. 3b,c). In contrast, such effects are not 

observed in Cell S because of the lower water saturation (Se
w
 ≈ 0.60), which allows avoiding such 
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limitations in the gaseous phase fractions and ensures a rather uniform supply of O2 and release of CO2 

(Fig. 3g,h).  

 
Figure 3. Simulated vertical profiles of water saturation (a,f); partial pressure of O2 (b,g) and CO2 (c,h); 

pH (d,i); and sulfate concentrations (e,j) for Cell L (a-e) and Cell S (f-j). 

 

The ingress of water and oxygen into the experimental system triggers the chemical reactions at the 

mineral grain surface, leading to the consumption of minerals along the flow/transport pathway. The 

ultimate outcome of these processes is the gradual production of sulfate (Fig. 3e,j), acidity (Fig. 3d,i), 

and other reaction products (Fig. S9) in the porewater. Both pH and sulfate spatial profiles suggest 

minimal spatial variation after a certain period (tens of minutes) and tend to show gradually increasing 

or decreasing characteristics throughout the column length (Fig. 3d,e,i,j). A similar observation is also 

evident in all the dissolved species (Fig. S9) as well as the mineral contents (Fig. S10). This 

corresponds to the uniform water content and oxygen profiles at the respective time instances and can 

be interpreted by the abundant supply of the key reactant (oxygen) by gaseous transport and the fast 

propagation of water infiltration fronts. 
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Figure 4 illustrates the leachate pH values in the weekly effluent samples measured for both 

experiments. It is apparent that the drainage from both humidity cells represents acidic condition 

involving a pH plateau ranging between 3.5 and 5. This behavior is certainly driven by the oxidation of 

sulfide minerals within the waste rock samples due to the flushing with water and the ingress of 

atmospheric oxygen into the experimental domain. Since the pH neutralizing mineral (e.g., carbonates) 

contents were significantly low in the waste rocks, the generation of the acidic front was rather rapid in 

the experiments as reflected in the almost instantaneous release of low pH effluents (i.e., within a 

couple of weeks since the beginning of the test). Although the pH values are mostly similar in both 

experiments, some differences are observed at early times because pH sharply drops to ~4 in the 

effluent of the long and narrow humidity cell (Cell L) already at the first week of the test (Fig. 4a), 

whereas the drainage from Cell S maintains a circumneutral pH range (~7 – 8) for the first couple of 

weeks before reaching the acidic plateau of ~4 (Fig. 4). Such differences are consistent with the spatial 

profiles in Fig. 3d,i, and might be somewhat related to the different levels of water-rock interactions 

imposed by the different water fluxes (thus different contact time between waste rocks and the flushing 

water; Fig. S3; Fig. 2) in these cells as explained above. However, the discrepancy between water 

fluxes and/or residence times alone could not explain this behavior according to the performed 

simulations (Fig. S12, Supplementary Material). In the model, this evolution was reproduced by 

assuming slightly higher dolomite content (still in the range of trace amount) in Cell S, and this 

allowed generating acid neutralizing effects at the early weeks. Given the uncertainty related to the 

measurement of mineral fractions in such trace amounts, the representativeness of the analyzed waste 

rock sample volume compared to the bulk amount used in the humidity cells, and the possible 

microscale heterogeneity, such assumption is justifiable.  
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Figure 4. Observed (markers) and simulated (lines) pH of the leachate water collected from the 

humidity cell L (a) and S (b) for Week 0 to 21 of the humidity cell test. 

 

Figure 5 shows a comparison between the experimental and simulated mass loadings of the sulfide 

minerals‘ oxidation products (sulfate, nickel, copper, and iron) in the outflowing waters from Cell L 

(first and second column panels) and S (third and fourth column panels). In addition to the weekly 

mass loadings, we also present the temporal evolution of the cumulative loadings (second and fourth 

column panels), which is a typically adopted representation for the humidity cell test results. A 

common feature observed in the elemental temporal profiles obtained from both experiments is the 

rapid release of high concentration fronts for almost all chemical species. This is particularly true for 

sulfate and nickel, which show higher released masses (with values in the range of ~300 mg/kgrock for 

sulfate and ~20 mg/kgrock for nickel) already from the first or second week of the humidity cell tests 

(Fig. 5a,c,i,k). Such outcomes indicate that the oxidative dissolution reactions of sulfide minerals and 
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the subsequent transport of the reaction products are considerably fast in both experiments. This 

behavior corroborates the simulated trends in the spatial profiles shown in Fig. 3, which suggests a fast 

decrease of pH and increase in sulfate concentrations. As observed in the leachate pH at early weeks 

(Fig. 4), a distinct pattern is also visible in the elemental profiles obtained from Cell L and S. While the 

weekly mass loadings from Cell L show rather uniform values, the profiles obtained from Cell S show 

a temporary high-concentration plateau at early weeks followed by a uniform trend (first and third 

column panels). The model could reproduce this behavior by considering slightly higher carbonate 

content as well as adjusting the kinetic rate coefficients (Table S4), whereas the simulations involving 

single set of reaction parameters in both cells led to rather poor fits with the observed loadings (Fig. 

S13, S14, Supplementary Material). However, this early plateau at Cell S can also be associated with 

the flushing of the soluble salts or the initially trapped/deposited species that might have resulted from 

the weathering of these waste rocks at the mine site prior to the collection (e.g., Maest and Nordstrom, 

2017; Nordstrom, 2020). Among these species, sulfate and nickel exhibit characteristic compositions of 

typical mining waters (e.g., Liang, 2014; Namasivayam and Sureshkumar, 2007; Silva et al., 2012), 

whereas the released copper mass is observed to be orders of magnitude lower in both experiments. 

This suggests a lower reaction rate for chalcopyrite compared to pyrrhotite and pentlandite or an 

enhanced attenuation of Cu (e.g., due to sorption and secondary precipitation) compared to the other 

two elements. In this study, we modeled the copper effluent by assuming a slower kinetics for 

chalcopyrite dissolution for brevity, whereas a similar effect can also be reproduced by incorporating 

the precipitation or sorption mechanisms of Cu. The cumulative profiles show a monotonic increase 

with time for all elements indicating the release of the total mass at a certain time of the experiment 

(second and fourth column panels).  
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Figure 5: Observed (markers) and simulated (lines) loading for sulfate (a-d), iron (e-h), nickel (i-l), and 

copper (m-p) from humidity cell L (left two column panels) and S (right two column panels). 

 

In addition to the distinct early time behavior as shown above, different features in the drainage profiles 

are also evident in the experiments performed in two differently shaped cells. In fact, the mass loadings 

in Cell S are relatively smaller (by a factor of approximately 2 to 3) compared to the mass loadings 

obtained in Cell L for almost all the elements reported in Figure 5. Cu profiles show a sudden 

concentration increase in Cell L in the last few weeks. Furthermore, Fe seems to be more attenuated 

during the experimental duration in Cell S, whereas an opposite trend is observed in Cell L as the high 

Fe concentrations were measured. These behaviors are nonintuitive because both experiments were 

performed under identical physical and chemical conditions with only differences being in the cell 

dimensions, which employ a different water flux within the domain. However, the model suggests that 

the distinction in the water fluxes alone (which mainly implies a different local residence time in two 
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experimental cells) cannot explain the obtained experimental data, and it was necessary to fit the 

chemical reaction parameters to achieve a good match with the measured mass loadings. The level of 

misfits obtained from the simulations involving single sets of reaction parameters in both cells is 

exemplified in the Supplementary Material (Fig. S12 - S14). This implies that the materials used in the 

two experiments might also involve slightly different distributions of the mineralogical compositions 

even though the waste rocks were crushed and sufficiently mixed to obtain a macroscopically 

homogeneous property. Especially, the minor variations in the fractions of fine-grained materials can 

potentially lead to the different reactivity because fine materials typically involve greater reactive 

surface area as well as higher availability of sulfide minerals (e.g., Erguler and Erguler, 2015). Since 

the chemical weathering processes mainly occur at the micro-scale, discrepancy and heterogeneity at 

such pore-scales are probably unavoidable despite the homogenization effort at the macro-scale. 

Besides, the homogenization step (involving mainly crushing, sorting, and mixing of the waste rocks) 

fundamentally targets to establish a uniform textural and physical properties, and might not be adequate 

to fully avoid the variations in chemical and mineralogical properties because every individual solid 

grain can possibly contain slightly different mineral fractions as well as different degrees of exposure 

to the reactants. The persistent differences observed in the leachate pH and mass loadings for almost all 

the elements in both cells indicate that the presence of microscale heterogeneity has serious 

implications on the chemical oxidation of minerals and the overall release rates of dissolved elements 

in humidity cell tests. Therefore, special care must be taken to distinguish the impact of such 

heterogeneity as well as to estimate the variability of possible test results. This highlights the multitude 

of complexity and the associated challenges related to the quantification of mine wastes chemical 

weathering rate even in such small-scale controlled systems. For instance, depending on the test 

conditions and cell dimensions used and the representativeness of the tested sample for the entirety of a 

waste facility, acid mine drainage predictions utilizing such kinetic testing can lead to considerable 
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under- or overestimation of the actual chemical weathering rates. The dependency of the chemical 

weathering rates on the cell dimension was also observed in the study of Sapsford et al. (2009), who 

reported considerably different mass released rates from the same material subjected to different shapes 

of the humidity cells. However, the authors concluded that the exact correlation between the cell shape 

and the weathering behavior was not clear-cut, and further systematic research can shed lights to 

identify the specific impacts of such cell dimensions.  

 

Figure 6 and 7 illustrate the temporal evolution of the different mineral assemblages along with the 

dynamics of the corresponding mineral reaction rates at the central location of the simulation domain 

for Cell L and S. Moreover, the corresponding spatial profiles related to the mineral contents and 

reaction rates at different time instances (during the first weekly cycle) are shown in the Supplementary 

Material (Fig. S10-S11). In both experimental scenarios, the simulated mineral profiles substantiate the 

measured released masses discussed in Figure 5 by demonstrating a gradual depletion for all the 

primary minerals involving sulfides, carbonate, and silicates (Fig. 6 a-j). In contrast, the secondary 

minerals show a gradually increasing trend, indicating the persistence of ferrihydrite and gibbsite 

precipitation during both experiments (Fig. 6k-l). The model confirms a higher consumption rate for 

almost all the sulfide and silicate minerals in Cell L (blue solid lines) compared to Cell S (orange 

dashed lines). This outcome is consistent with the relatively higher release of the elemental masses as 

observed in Cell L and illustrated in Fig. 5. At the end of the experiment, the total consumption of the 

sulfide and silicate minerals is rather small, implying that the acid rock drainage will continue to occur 

for a rather long time, whereas dolomite, originally present in trace amount, appears to be exhausted 

after ~4-5 weeks (Fig. 6f). This period is also correlated to the observations of the high pH effluents 

from Cell S. Since the spatial profiles of these minerals mostly show uniform shapes (i.e., without 

significant spatial variations along the depth) except for the short time scales at the beginning of a 
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weekly cycle (Fig. S10, Supplementary Material), the temporal evolution presented in Fig. 6 can be 

interpreted as a proxy for the series of events occurring in the entire cell.  

 

Figure 6. Simulated mineral contents as a function of time at the center of the experimental domain.  

 

Figure 7 demonstrates the evolution of the reaction rates for different minerals in both experiments, 

whereas the corresponding spatial profiles are presented in Fig. S11 (Supplementary Material). These 

temporal profiles show very dynamic trends as they change over time following the cyclicity of the 

experiments and this is appreciable both in Cell L (blue solid lines) and Cell S (orange dashed lines). 

The reaction rates follow a somewhat similar trend as observed in the water content and specific 

discharge (Fig. 2) with spikes of high values at the beginning of a weekly cycle. This is due to the 

enhanced availability of the key reactants (e.g., water and oxygen) during that period in the system. As 

noted in the mineral spatial profiles, the vertical rate profiles also mainly involve flat shapes for the 
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major period of a weekly cycle (Fig. S11), and this behavior justifies the demonstration of Fig. 7 as 

representative of complex variations in reaction rates within the experimental domains.  

 
Figure 7. Evolution of the modeled reaction rates for different minerals time at the center of the 

experimental domain.  

 

These rate profiles also visualize that the dissolution/precipitation rates of the individual minerals can 

vary over several orders of magnitude, and highlight the complexity associated with their short- and 

long-term dynamics on the weathering mechanisms. For the sulfide minerals, it is evident that the rates 

fluctuate with a lower amplitude in Cell S compared to the profiles in Cell L (Fig. 7a-d), indicating 

much higher local reactivity at certain time points in Cell L compared to that of Cell S. This might be 

(to some extent) associated with the observed differences in the oxygen transport (Fig. 3) and can 

probably explain the lower release of the element masses in Cell S as illustrated in Figure 5. Most of 

the silicate minerals also show a similar trend except for anorthite, which shows somewhat higher 

reaction rate in Cell S. Furthermore, the simulated higher rates of gibbsite (and ferrihydrite at early 
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times) precipitation are consistent with the more enhanced attenuation of Fe and Al during the 

experiment in Cell S (Fig. 7k-l). 

Figure 8 reports the weekly and cumulative mass loadings for Ca, Mg, K, and Al, which are mainly the 

dissolution products of the aluminosilicate and dolomite (present in trace amounts) minerals. In both 

experiments, Ca and Mg masses show higher values during Week 0-3 followed by a decrease towards a 

stable plateau at late times. Unlike the sulfide oxidation products, Ca and Mg concentration levels in 

the effluents released from both cells appear to be in the same range except for a couple of data points 

showing higher values in Cell S (Fig. 8a-h). K also shows a similar loading in both cells although 

slightly smaller values are visible in Cell S (Fig. 8i-l). In contrast, the outcome is significantly different 

for Al species, whose concentrations are orders of magnitude lower in Cell S (Fig. 8m-p), as also 

observed in the Fe profiles (Fig. 5m-p). This recurring difference in both the weekly and cumulative Al 

and Fe loadings obtained from the two experiments indicate that these species are effectively 

attenuated in the short-wide cell (Cell S), whereas the retention of these elements in Cell L was 

considerably lower. Assuming the mineral reactions as the key controlling factor of the elemental 

release and attenuation in effluent waters, this evidence suggests a more prominent kinetic precipitation 

of Al and Fe bearing secondary minerals (e.g., ferrihydrite and gibbsite) in Cell S compared to Cell L. 

One possible reason for such discrepancy might be associated with the observed differences in effluent 

pH in both cells because the slightly higher pH values in Cell S can induce more favorable conditions 

for secondary precipitation. Furthermore, the slightly smaller residence time in Cell L (Fig. S3, 

Supplementary Material) can hinder secondary precipitation reactions by quickly removing the 

dissolved elements out of the column. This outcome once again confirms that the differences in shapes, 

heights, and cross-sectional area of the humidity cells can affect the test results for the same waste rock 

material and can lead to considerably different release rates of the key elements.  
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Figure 8. Observed (markers) and simulated (lines) loading for calcium (a-d), magnesium (e-h), 

potassium (i-l) and aluminum (m-p) from humidity cell L (left two column panels) and S (right two 

column panels). 

The reactive transport simulations could simultaneously reproduce the weekly and cumulative mass 

loadings also for these major ions although mismatches can be observed for Al in Cell S. This also 

further highlights the importance of utilizing process-based reactive transport models to interpret such 

experimental data. In fact, the analyses of humidity cell test results and the determination of chemical 

weathering rates solely based on the measured element release rates do not allow exploring the 

implications of the different process interactions. However, it should be emphasized that the lack of the 

spatially and temporally resolved measurements (along with the unavailability of the important 

hydraulic, transport, and reaction parameters/measurements as discussed in Section 4.1) makes it 

further prohibitive to interpret such experiments from a purely mechanistic basis, to identify the unique 

set of contributing processes along with the correct parameters, and to perform a simulation from a true 
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predictive sense. Despite, satisfactory results could be obtained by fitting different models or by 

adjusting model parameters to distinct experiment data, such results cannot be treated as predictive in a 

more accurate sense because they might be inapplicable when certain conditions change. As discussed 

in Section 4.1, a wide range of flow parameters as well as conceptual models can lead to equally good 

results to capture the total outflow water volumes over a week. It is likely that the reaction rate 

parameters corresponding to these individual flow model scenarios (as shown in Fig. S7, 

Supplementary Material) will also vary in a wide range to obtain a good match with the elemental 

loadings. Consequently, the kinetic rate coefficients obtained from any of these conceptual model 

variants merely remain a fitting parameter, which cannot be uniquely constrained without adequately 

characterizing the flow dynamics of the system. Therefore, comprehensive frameworks able to 

consistently represent the macroscopic effects of small-scale interactions through the different 

conditions of flow velocity, compound-specific properties and fluid-rock interactions need to be 

developed to predict a system behavior. In this view, additional data would be required to adequately 

conceptualize the system, and to calibrate the flow and conservative transport contributions to 

accurately isolate the reaction contributions for a certain mining waste material. For instance, the 

hydraulic parameters and unsaturated flow properties (e.g., van Genuchten parameters, hydraulic 

conductivity) should be characterized. In-situ sensor-based measurement schemes (as highlighted in 

Section 4.1,) can be suitable and rather inexpensive to measure gaseous species compositions, water 

saturation, and/or geochemical parameters like pH and pe with high temporal resolution inside the 

experimental cell during a humidity cell test. However, the performance of such measurement 

techniques might need to be systematically tested for the waste rocks as well as in small-scale setups. 

Additionally, it would also be extremely valuable to extend the kinetic testing by increasing the 

sampling frequency of the effluent waters in high temporal resolution. This would then allow 

establishing the breakthrough curves of the key elements (e.g., Fig. S8, Supplementary Material) 
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instead of the weekly average data points. Column experiments and conservative tracer tests can be 

performed as a pre-step of humidity cell tests to characterize the transport behavior and to essentially 

verify the presence of preferential flow (e.g., Blackmore et al., 2018). Finally, the presence and impact 

of any microscale heterogeneity (as pointed out in this study) can be characterized by running a 

reasonable number of replicates (both in terms of parallel experimental runs and measurements of 

waste rock properties) to cover the possible range of outcomes from humidity cells. These additional 

efforts will certainly be helpful to constrain the conceptual and numerical model to describe the key 

processes within the experimental system, and can eventually circumvent some of the fundamental 

challenges associated with the predictions of acid rock drainage from kinetic testing.  

 

5. Conclusions 

In this study, we have demonstrated the fundamental challenges associated with the detailed 

interpretation of humidity cell test results and highlighted the difficulties in extrapolating such results 

in other environmental/test conditions as well as in performing a true prediction to reliably forecast 

future drainage scenarios with proper confidence. We performed humidity cell experiments by 

following the ASTM D5744-18 standard and by using two humidity cells, with distinct shapes and 

dimensions, packed with the same waste rocks. The results suggest a relatively higher chemical 

weathering rate (approximately by a factor of 2 – 3) in the long and narrow shaped humidity cell setup 

compared to the short and broad cell as indicated by the measured weekly mass loadings for different 

elements. Furthermore, the leachate concentrations also show evidence of the effects of microscale 

heterogeneity, despite the attempts to homogenize the waste rock samples by crushing and mixing prior 

to packing, elucidating the challenges associated with the representative sample properties even in such 

controlled laboratory setups. These outcomes illustrate the importance of explicitly considering the 

experimental settings including the shape of the experimental setup, representativeness of the bulk 
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waste sample, as well as the associated experimental uncertainty while evaluating drainage and 

weathering rates from such test results. In fact, depending on the choice of the cell shapes and the 

extent of heterogeneity, the results of a humidity cell test can suggest considerable underestimation or 

overestimation of the actual reactivity, leading to erroneous predictions of the environmental risks 

during planning stages of the mine waste management. 

Multiphase and multicomponent reactive transport simulations confirm distinct reaction rates in the 

humidity cell tests and allow identifying the controlling mechanisms leading to the observed behavior. 

Particularly, the utilization of a process-based model offers the possibility to examine the relative 

contributions of the individual physical (e.g., water flow, solute/gas transport) and chemical (e.g., 

mineral and intra-aqueous reactions) processes on the overall system behavior. Since these mechanisms 

occur simultaneously within waste rock systems, deciphering of the key controls of these mechanisms 

would not be possible by interpretations solely based on experimental data and/or simple analytical 

calculations. While the model could consistently reproduce the experimental data for both cells by 

adjusting the kinetic parameters for mineral dissolution/precipitation reactions, the simulations 

emphasize considerable challenges to accurately describe the results in a purely predictive sense.  

One possible reason for such difficulties in the model-based interpretations and predictions of future 

geochemistry is related to the lack of adequate information regarding water flow, aqueous/gaseous 

transport, and reaction dynamics, as well as spatially/temporally resolved measurements in such kinetic 

testing framework. We have demonstrated that additional data collection efforts can significantly 

reduce these conceptual gaps and can eventually lead to improved interpretations of humidity cell tests. 

We also suggested that minor extent of microscale chemical heterogeneity can considerably influence 

the mass release rates for different elements from the waste rocks. Furthermore, information on 

additional mechanisms such as anisotropy, ion-exchange, surface-complexation, electrostatic 
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interactions, or microbial reactions would also enhance the quality of the model conceptualization. 

Influence of these mechanisms has been investigated in other geoscientific disciplines but yet to be 

explored in humidity cells or in the context of mine wastes. Further research and improved guidance 

are essential to explore the scope for possible improvements of the standardized test protocols to 

incorporate additional measurement schemes, to circumvent the discussed limitations, to unify the 

interpretation practices for test results across the mining environmental community, and to 

systematically provide information that are pertinent to perform an accurate predictive analysis. 
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Highlights: 

 Humidity cell tests to study the weathering of waste rocks from Särkiniemi site 

 Distinct reactivity and elemental loading rates depending on cell shapes/dimensions 

 Influence of possible microscale heterogeneity on solute mass release rates  

 Process-based multiphase-multicomponent reactive transport modeling of the tests 

 Difficulties in mechanistic interpretation and prediction of the test results 
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