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Abstract. ARD mitigation is considered by reducing the permeability of acid-generating coal interburden waste rock dumps. Fine desulfurised benign tailings were used to conceal exposed surface active sites from air, water and more aggressive sulfur- and iron-oxidizing microorganisms in acidic environments. Test columns containing interburden waste rock co-disposed with benign tailings were configured as either alternating layered covers or as a blended mixture of tailings and discards. Demonstration of the efficacy of the procedure was assessed by analyzing effluent solution concentrations of the concurrently operated simulated ore beds following inoculation with micro-organisms implicated in bioleaching (biotic mode) or in the absence of inoculation (abiotic mode). The presence of fine tailings both minimized the infiltration of oxidants to the porous ore and void space within the packed bed and provided neutralisation. In biotic mode, tests with layered covers of desulfurised tailings were less successful at limiting microbial activity and associated accelerated oxidation reactions. Blended columns resulted in reduced leaching reactions and an increase in the mean residence time of the solution phase. By increasing the solution residence time, an aqueous cover was concurrently formed, evolving into a bifunctional mitigating measure 

Introduction

Contrary to leaching, ARD mitigation is achieved by inhibiting the oxidation of the sulfide minerals to alleviate the generation of highly toxic acidic runoff, rich in sulphate and deported metals, that may last decades and possibly centuries, requiring prolonged treatment operations and associated costs. Prevention may be achieved by reducing the permeability, and hence the exposed surface area, of the acid-generating waste rock dumps to the elements. Several methods have been proposed that include the use of coatings, covers and cemented paste backfills. Coatings form, often acid-sensitive, films or precipitates that surround the ore surface forming a passivating layer to inhibit the oxidation reactions and subsequently mitigate ARD generation. Alternatively, cemented paste backfills that incorporate sulfide concentrates following desulfurisation by flotation are used to bifunctionally support mined voids and reduce the infiltration of oxygen to the acid-generating tailings [1]. Efficiency as a preventative measure depends on the strength of the backfill that is susceptible to sulfate attack during the curing process [2]. Covers consisting of a barrier of either water to impose diffusional limitations of oxygen to the reactive tailings or oxygen consuming organic materials are common. Recently covers with capillary barrier effects that limit ARD generation by utilising low sulfur, non-acid generating tailings to both inhibit oxygen transport and increase the neutralizing capacity of waste rock dumps are increasingly investigated [1,3].

ARD prevention studies are frequently limited to batch-like experiments that do not account for the long-term resistance of the mitigating procedure to weathering or flow conditions. The influence of acidic environments or the effect of increased oxidation in the presence of iron- and sulfur-oxidising microorganisms that catalyse the leaching reactions at low pH on the efficacy of the preventative measure are also scarce. In this study, experiments are designed to reduce the permeability of acid-generating coal-associated waste rock by the ingression of inert fine benign desulfurised tailings to enhance mass transfer limitations throughout the reaction environment. The efficacy of the method is assessed by analysing the effluent solution concentrations for long-term prevention of ARD. 
Experimental setup

Samples

Interburden coal with an average pore volume of 0.035 cm3/g was obtained from the Waterberg Coalfield in South Africa. The desulfurised tailings were generated from the flotation of an ultrafine bituminous waste coal milled to 75% passing 106 μm from Middleburg region, South Africa. The sulfide flotation procedure, outlined in Mbamba et al. [4] was followed to obtain fine tailings with a total sulfur content of less than 0.78%. The acid generating and neutralizing capacity of both the interburden coal and desulfurised tailings were assessed using acid-base accounting tests. The acid neutralizing capacity (ANC), net acid generation (NAG) and acid producing potential (NAPP) of the samples were determined using a refinement of the ANC method proposed by Skousen et al. and procedures outlined by Stewart et al. (NAG, NAPP) [5,6]. The total sulfur of the discards (1.58%) and benign tailings (0.78%) were determined using a LECO sulfur analyser. The interburden (ANC 20.46 kgH2SO4/t, NAPP 27.99 kgH2SO4/t) was characterized as acid forming while the desulfurised tailings non-acid forming (ANC 57.72 kgH2SO4/t, NAPP -33.82 kgH2SO4/t).

Test Columns

Experiments included the concurrent operation of simulated ore beds with in situ neutralization of acid generating interburden coal waste rock with desulfurised tailings. Test columns consisted of PVC columns (H x D = 1.1 x 0.1 m), operated at ambient temperature and packed with a total 3.5 kg of either interburden waste rock (control columns) or a combination of interburden and desulfurised tailings in varying configurations. Co-disposed interburden coal with desulfurised tailings was investigated to minimize the infiltration of oxidants to the porous ore and void space within the bed. Consequently, in tests where the effectiveness of covers was investigated, columns were packed with four alternating layers of interburden with benign tailings. Each layer was composed of 0.625 kg interburden followed by 0.250 kg desulfurised tailings. To further minimize permeable cavities that may be present, columns consisting of a blended mixture of interburden (2.5 kg) and desulfurised tailings (1 kg) were also packed. Due to compactness of packing, test columns were fitted with an overflow to collect any excess irrigant that did not permeate through the bed. 

The columns were irrigated from above at 30 mL/h with either water or water acidified with 96 – 98 % concentrated sulfuric acid adjusted to pH 2. These columns were either inoculated with a mixed culture of iron- and sulfur-oxidising mesophilic microorganisms at 1010 cells / ton ore (biotic mode) or uninoculated (abiotic mode). The measured liquor volume, collected at the column outlet, was analysed for pH, redox potential (Ag/AgCl SHE), [Fe2+] and total iron concentration [7]. The latter concentrations, measured spectrophotometrically, provide an indication of the extent of the oxidation reactions and suitability of the mitigating procedure to minimize ARD. 

Results and discussion

To establish the most efficient mode of operation, the effect of packing configuration of co-disposed interburden coal with desulfurised tailings on the evolution of leachate pH and redox potential was determined (Fig. 1). We hypothesized that by minimising the infiltration of oxidants to the porous ore and void space within the bed, ARD generation could be minimized or eliminated. 

The potential and rate of ARD generation is largely measured by the change in the system pH and the ferric-to-ferrous redox couple (Fig. 1).  On irrigation with water, and to a lesser extent acidified water, the pH rapidly dropped over the first 24 hours.  The initial decrease in pH, and consequently the redox potential, presented in all columns was attributed to the rapid oxidation of fine grain pyritic interburden particles promoting the transport of soluble metals Fe2+ and protons H+ into the aqueous phase. The initial liberation of ferrous ions into the solution phase and the presence of air, subsequently promoted acid consuming oxidation reactions forming ferric ions, increasing both the pH and redox potential. Following the ferric ion oxidation of sulfide minerals there was a net acid generation, and hence ARD potential, with a resulting decrease in pH. 


	
	

	
	

	
	



Figure 1. Leachate pH and redox potential for columns containing only interburden coal (control – 100% interburden: a & b), alternating layers of desulfurised tailings with interburden (cover – 60% interburden + 40% desulfurised tailings: c & d) and a blended mixture of interburden with desulfurised tailings (blend – 60% interburden + 40% desulfurised tailings: e and f). In either configuration, the columns were irrigated with either water () or acidified water at pH 2 in either abiotic () or biotic mode ()

In abiotic and biotic mode, the pH of the control column remained near the feed pH 2 after the initial increase over the first 8 days (Fig. 1a). While the redox potential over this period increased to and remained ca. 640 mV (wrt to Ag/AgCl) for the duration of the test (Fig. 1b). On introducing desulfurised tailings as either a layered cover or a blended mix with interburden, the pH and redox potential remained constant over the course of the experiment irrigated with water (Fig. 1 c – f). The alkalinity of the desulfurised tailings in columns fed with water and acidified water at pH 2 successfully neutralised the net acid generation of the leaching reactions maintaining the pH at ca. 7.4 (cover, Fig. 1c) and 7.6 (blend, Fig. 1e). Both column configurations, irrespective of the irrigation feed pH, showed potential to mitigate ARD by limiting the infiltration of oxidants to the sulfide mineral surface. However, the capacity of the layered covers of fine desulfurised tailings to neutralise the sulfide tailings decreased after 68 days for the column operated in biotic mode (Fig. 1 c and d). It is proposed that, prior to this, the microbial activity within the biotic cover test was dormant contributing very little to catalysing oxidation reactions. Thereafter, the microorganisms accelerate the microbial oxidation of ferrous ions in solution promoting an increase in the redox potential (Fig. 1d). The absence of microbial oxidation observed in blended columns are likely due to the tight packing of the mixture of desulfurised tailings and the interburden. Consequently, the void space within the packing was rigorously decreased limiting the oxygen transfer necessary for microbial growth and pyrite oxidation. 

The ability to blind the permeable reactive layer of the interburden decreased after 42 days in the abiotic blended column (Fig. 1 e and f). This was indicated by the gradual decrease in pH and redox potential up to ca. 117 days and accelerated thereafter  (Fig. 1 c and d). The exit flow rate increased from 16 mL/h to 22 mL/h during this period resulting in stable pH and redox potentials comparable with those in the control columns (Fig. 1 c and d). Excess feed to the column that did not pass through the ore bed was collected via. the overflow for columns packed with benign tailings. The feed rate remained constant for the test, resulting in preferential flow paths being established early [8]. With time, these paths likely altered culminating into the observed accelerated flows due to reaction and a shift in fines within the ore bed. With increasing solution contact and exposure of the mineral surface to the oxidants, the leaching reactions increased influencing the mitigating efficiency of the blended tailings. This phenomenon was not observed in the remaining columns where mean residence times of liquor remained constant. Here, due to their packing efficiency, the columns were saturated creating an aqueous cover which further enhanced the mitigating efficiency of the desulfurised tailings on ARD generation.

Conclusions

The efficiency of utilizing benign desulfurised tailings packed with acid generating interburden to simultaneously blind the ore surface, minimize weathering and neutralise leaching reactions was studied. By increasing the solution residence time, an aqueous cover was formed evolving into a bifunctional mitigating measure. In biotic mode, there was a significant delay prior to microbial acitivity. Only columns utilising desulfurised tailings as a cover were appreciably affected. Mass transfer limitations imposed by the compactness of blended columns attributed to microbial inactivity enhancing the efficiency of the mitigating procedure. The efficacy of the preventative measure was largely dependent the ability to restrict flow. Columns loaded as alternating layered covers of desulfurised tailings in abiotic operation appeared, in the short-term, to maintain the pH above neutral conditions with the least amount of leaching occurring. 
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redox [mV]

(e) blend
mix - WATER	0	1.0381944444452531	2.0173611111094938	3.0173611111094938	4.0173611111094942	5.0590277777810124	7.0069444444452493	8.0277777777810115	9.0868055555547507	9.9965277777810098	11.003472222226261	12.003472222226261	14.097222222226261	14.96527777778101	16.034722222226261	16.954861111109501	17.954861111109501	20.3125	22.013888888890499	22.954861111109501	23.923611111109491	24.923611111109491	25.90277777778098	31.916666666664241	35.89930555555474	37.038194444445253	38.875	40.027777777780997	42.010416666664199	43.916666666664177	45.86250000000291	47.069444444445253	47.88194444444521	49.86805555555474	52.24305555555474	53.111111111109501	55.96875	58.069444444445253	58.94444444444521	60.861111111109501	63.045138888890499	64.871527777780955	66.86111111110948	68.95486111110948	71.04861111110948	74.86111111110948	77.03472222222625	78.871527777780955	80.871527777780955	84.874999999999986	87.100694444445267	88.868055555554662	90.996527777781012	92.86111111110948	94.86111111110948	96.934027777781012	98.888888888890406	100.9479166666642	102.86111111110949	104.9618055555547	107.0416666666642	108.8645833333358	110.996527777781	112.86111111110949	114.86111111110949	118.98611111110949	120.86111111110949	122.86111111110949	126.8645833333358	128.85763888889051	133.02777777778101	135.11805555555469	136.86458333333579	140.88194444444531	142.86458333333579	153.00347222222629	157.85416666666421	160.01736111110949	161.85763888889051	168.02430555555469	169.86111111110949	173.98263888889051	175.85763888889051	177.97222222222629	179.86111111110949	181.97569444444531	183.86111111110949	185.86111111110949	187.99652777778101	189.85416666666421	196.86111111110949	198.85416666666421	200.84722222222629	203.84722222222629	205.85416666666421	207.85763888889051	210.85069444444531	212.85763888889051	214.85416666666421	217.86111111110949	221.11111111110949	224.00694444444531	225.85416666666421	227.86111111110949	230.20486111110949	231.86111111110949	233.84722222222629	235.85416666666421	238.85069444444531	241.85416666666421	243.97222222222629	245.85069444444531	247.85416666666421	249.85763888889051	9.15	3.08	6.1499999999999986	7.23	7.42	7.6199999999999957	7.83	7.94	7.95	7.94	7.88	7.83	7.83	7.84	7.8599999999999977	7.68	7.75	7.78	7.55	7.6	7.76	7.58	7.75	7.6199999999999957	7.56	7.55	7.64	6.17	7.58	7.47	7.51	7.49	7.57	7.47	7.52	6.97	7.6599999999999957	7.47	7.54	7.7	7.58	7.5	7.52	7.47	7.51	7.6	7.6499999999999977	7.71	7.58	7.48	7.55	7.76	7.92	7.6899999999999986	7.44	7.6599999999999957	7.64	7.56	7.6099999999999977	7.7	7.68	7.78	7.52	7.7	7.7	7.76	7.81	7.73	7.76	7.76	7.8199999999999976	7.72	7.8199999999999976	7.6899999999999986	7.6899999999999986	7.6899999999999986	7.6499999999999977	7.9	7.76	7.52	7.41	7.41	7.41	7.42	7.75	7.73	7.75	7.88	7.75	7.8199999999999976	7.7699999999999987	7.7699999999999987	7.74	7.83	7.88	8.02	8.02	8.08	7.99	7.97	7.92	7.83	7.8199999999999976	7.58	7.6499999999999977	7.52	7.8599999999999977	7.93	mix - ABIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	37.020833333335752	38.788194444445253	40.916666666671482	42.78125	44.78125	46.854166666671482	52.78125	54.88194444444521	56.961805555554747	60.916666666671482	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780898	82.947916666671503	85.038194444445267	86.78472222222625	90.802083333335702	92.78472222222625	100.79513888889051	102.9236111111168	107.7743055555547	109.9375	111.777777777781	117.9444444444453	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.78125	135.78125	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.48958333333579	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	191.77430555555469	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	2	7.1	7.56	7.76	8.2899999999999991	8.01	8.0500000000000007	7.6	7.53	7.43	7.42	7.45	7.53	7.63	7.44	7.45	7.46	7.24	6.8599999999999977	6.98	6.8	6.85	6.8599999999999977	6.7	6.6099999999999977	6.6899999999999986	6.4	6.79	6.54	6.6099999999999977	6.6499999999999977	6.55	6.3599999999999977	6.4	6.24	5.92	6.23	6.18	6.2	6.1499999999999986	6.1	6.1899999999999986	6.18	6.1099999999999994	5.92	5.89	5.9	5.9	5.64	3.82	3.52	3.48	2.92	2.72	2.8	2.81	2.85	2.82	2.83	2.85	2.85	2.84	2.74	2.76	2.72	2.74	2.75	2.72	2.7	2.69	2.69	2.68	2.7	2.68	2.62	2.65	2.63	mix - BIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	32.90625	34.795138888890499	37.020833333335752	38.788194444445253	40.916666666671482	42.78125	44.78125	46.854166666671482	48.809027777780969	50.86805555555474	54.88194444444521	56.961805555554747	58.784722222226257	60.916666666671482	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780898	82.947916666671503	85.038194444445267	86.78472222222625	90.802083333335702	92.78472222222625	100.79513888889051	102.9236111111168	105.7881944444453	107.7743055555547	109.9375	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.48958333333579	135.78125	137.91666666667149	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.78125	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	2	7.52	7.78	7.97	7.87	7.94	7.97	7.96	7.83	7.79	7.85	7.84	7.6599999999999957	7.18	7.76	7.71	7.55	7.6499999999999977	7.52	7.51	7.6199999999999957	7.45	7.87	7.35	7.63	7.79	7.46	7.5	7.8	7.42	7.41	7.5	7.6199999999999957	7.55	7.56	7.5	7.51	7.34	7.37	7.47	7.56	7.58	time [days]

pH

(f) blend
mix - WATER	0	1.0381944444452531	2.0173611111094938	3.0173611111094938	4.0173611111094942	5.0590277777810124	7.0069444444452511	8.0277777777810115	9.0868055555547507	9.9965277777810098	11.003472222226261	12.003472222226261	14.097222222226261	14.96527777778101	16.034722222226261	16.954861111109501	17.954861111109501	20.3125	22.013888888890499	22.954861111109501	23.923611111109491	24.923611111109491	25.90277777778099	31.916666666664241	35.89930555555474	37.038194444445253	38.875	40.027777777780997	42.01041666666422	43.916666666664213	45.86250000000291	47.069444444445253	47.881944444445232	49.86805555555474	52.24305555555474	53.111111111109501	55.96875	58.069444444445253	58.944444444445232	60.861111111109501	63.045138888890499	64.871527777780983	66.86111111110948	68.95486111110948	71.04861111110948	74.86111111110948	77.03472222222625	78.871527777780983	80.871527777780983	84.874999999999986	87.100694444445267	88.868055555554704	90.996527777781012	92.86111111110948	94.86111111110948	96.934027777781012	98.888888888890463	100.9479166666642	102.86111111110949	104.9618055555547	107.0416666666642	108.8645833333358	110.996527777781	112.86111111110949	114.86111111110949	118.98611111110949	120.86111111110949	122.86111111110949	126.8645833333358	128.85763888889051	133.02777777778101	135.11805555555469	136.86458333333579	140.88194444444531	142.86458333333579	153.00347222222629	157.85416666666421	160.01736111110949	161.85763888889051	168.02430555555469	169.86111111110949	173.98263888889051	175.85763888889051	177.97222222222629	179.86111111110949	181.97569444444531	183.86111111110949	185.86111111110949	187.99652777778101	189.85416666666421	196.86111111110949	198.85416666666421	200.84722222222629	203.84722222222629	205.85416666666421	207.85763888889051	210.85069444444531	212.85763888889051	214.85416666666421	217.86111111110949	221.11111111110949	224.00694444444531	225.85416666666421	227.86111111110949	230.20486111110949	231.86111111110949	233.84722222222629	235.85416666666421	238.85069444444531	241.85416666666421	243.97222222222629	245.85069444444531	247.85416666666421	249.85763888889051	260	240	241	251	228	249	246	249	211	212	241	261	258	246	278	241	305	229	247	224	267	271	257	262	257	226	271	260	266	263	303	237	248	223	239	227	218	207	244	265	250	263	244	229	261	239	239	197	223	252	237	219	216	237	223	223	223	247	230	240	225	232	256	261	248	249	242	211	240	235	248	260	260	257	261	248	256	191	258	238	260	283	275	233	259	251	247	250	245	236	240	248	239	245	270	254	252	241	mix - ABIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	37.020833333335752	38.788194444445253	40.916666666671503	42.78125	44.78125	46.854166666671503	52.78125	54.881944444445232	56.961805555554747	60.916666666671503	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780955	82.947916666671503	85.038194444445267	86.78472222222625	90.80208333333573	92.78472222222625	100.79513888889051	102.9236111111168	107.7743055555547	109.9375	111.777777777781	117.9444444444453	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.78125	135.78125	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.48958333333579	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	191.77430555555469	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	200	218	223	223	225	206	259	317	266	236	259	278	269	245	276	240	294	260	127	80	93	88	33	46	46	96	112	83	88	116	79	89	87	88	149	149	124	120	125	77	147	142	139	142	137	132	129	172	277	284	297	540	552	548	548	615	555	563	562	562	561	572	569	589	552	539	521	517	520	521	573	590	583	592	550	546	mix - BIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	32.90625	34.795138888890499	37.020833333335752	38.788194444445253	40.916666666671503	42.78125	44.78125	46.854166666671503	48.80902777778099	50.86805555555474	54.881944444445232	56.961805555554747	58.784722222226257	60.916666666671503	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780955	82.947916666671503	85.038194444445267	86.78472222222625	90.80208333333573	92.78472222222625	100.79513888889051	102.9236111111168	105.7881944444453	107.7743055555547	109.9375	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.48958333333579	135.78125	137.91666666667149	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.78125	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	248	242	246	254	214	247	262	235	198	208	234	227	240	280	223	213	288	275	214	248	245	249	214	249	243	217	239	267	231	231	230	228	232	231	223	249	237	242	263	265	251	time [days]

redox [mV]

(a) control
control - WATER	0	1.0381944444452531	2.0173611111094938	3.0173611111094938	4.0173611111094942	5.0590277777810124	7.0069444444452493	8.0277777777810115	9.0868055555547507	9.9965277777810098	11.003472222226261	12.003472222226261	14.097222222226261	14.96527777778101	16.034722222226261	16.954861111109501	17.954861111109501	20.3125	22.013888888890499	22.954861111109501	23.923611111109491	24.923611111109491	25.90277777778098	31.916666666664241	35.89930555555474	37.038194444445253	38.875	40.027777777780997	42.010416666664199	43.916666666664177	45.86250000000291	47.069444444445253	47.88194444444521	49.86805555555474	52.24305555555474	53.111111111109501	55.96875	58.069444444445253	58.94444444444521	60.861111111109501	63.045138888890499	64.871527777780955	66.86111111110948	68.95486111110948	71.04861111110948	74.86111111110948	77.03472222222625	78.871527777780955	80.871527777780955	84.874999999999986	87.100694444445267	88.868055555554662	90.996527777781012	92.86111111110948	94.86111111110948	96.934027777781012	98.888888888890406	100.9479166666642	102.86111111110949	104.9618055555547	107.0416666666642	108.8645833333358	110.996527777781	112.86111111110949	114.86111111110949	118.98611111110949	120.86111111110949	122.86111111110949	126.8645833333358	128.85763888889051	133.02777777778101	135.11805555555469	136.86458333333579	140.88194444444531	142.86458333333579	153.00347222222629	157.85416666666421	160.01736111110949	161.85763888889051	168.02430555555469	169.86111111110949	173.98263888889051	175.85763888889051	177.97222222222629	179.86111111110949	181.97569444444531	183.86111111110949	185.86111111110949	187.99652777778101	189.85416666666421	196.86111111110949	198.85416666666421	200.84722222222629	203.84722222222629	205.85416666666421	207.85763888889051	210.85069444444531	212.85763888889051	214.85416666666421	217.86111111110949	221.11111111110949	224.00694444444531	225.85416666666421	227.86111111110949	230.20486111110949	231.86111111110949	233.84722222222629	235.85416666666421	238.85069444444531	241.85416666666421	243.97222222222629	245.85069444444531	247.85416666666421	249.85763888889051	9.15	3.71	3.72	3.46	3.99	4.33	4.75	4.8099999999999996	5.1199999999999974	5.76	5.98	5.94	6.07	6.1499999999999986	6.05	6.14	6.18	6.1	6.01	5.42	5.31	5.35	5.41	4.46	6.05	5.0199999999999996	4.4800000000000004	4.72	5.76	6.33	5.04	4.7	4.26	4.41	4.51	4.57	4.25	3.78	3.76	3.84	3.81	3.8	4.07	4.3499999999999996	3.9	3.4	3.64	3.21	2.88	3.61	3.8	3.17	3.73	3.88	3.8	3.68	3.91	4.05	3.91	3.69	3.67	3.51	3.43	3.5	3.51	3.52	3.49	3.52	3.53	3.71	3.91	4.03	3.71	3.68	3.67	3.95	3.75	3.78	3.97	3.99	3.85	4.33	3.79	3.63	3.59	3.6	3.63	3.86	3.68	3.7	3.66	3.68	3.82	3.92	4.22	3.88	3.87	3.84	3.81	4.2699999999999996	4.24	4.04	3.98	3.82	3.79	3.47	3.1	2.9	2.79	3.17	3.57	control - ABIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	37.020833333335752	38.788194444445253	40.916666666671482	42.78125	44.78125	46.854166666671482	52.78125	54.88194444444521	56.961805555554747	60.916666666671482	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780898	82.947916666671503	85.038194444445267	86.78472222222625	90.802083333335702	92.78472222222625	100.79513888889051	102.9236111111168	107.7743055555547	109.9375	111.777777777781	117.9444444444453	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.78125	135.78125	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.48958333333579	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	191.77430555555469	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	2	2.86	2.76	2.66	2.61	2.48	2.35	2.35	2.31	2.3199999999999998	2.2999999999999998	2.2200000000000002	2.2200000000000002	2.13	2.16	2.2999999999999998	2.2200000000000002	2.21	2.1	2.08	2.11	2.1	2.15	2.12	2.2200000000000002	2.21	2.33	2.31	2.17	2.15	2.15	2.14	2.14	2.19	2.12	2.11	2.08	2.15	2.13	2.1	2.1	2.09	2.11	2.12	2.12	2.09	2.1	2.1	2.12	1.93	2.0699999999999998	2.0099999999999998	1.97	1.98	2.0299999999999998	2.0299999999999998	2.0299999999999998	2.06	2.0299999999999998	2.08	2.1	2.12	2.1	2.04	2.06	2.04	2.0699999999999998	2.15	2.17	2.21	2.1	2.0699999999999998	2.5099999999999998	2.0499999999999998	2.06	2.13	2.0699999999999998	2.0699999999999998	control - BIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	32.90625	34.795138888890499	37.020833333335752	38.788194444445253	40.916666666671482	42.78125	44.78125	46.854166666671482	48.809027777780969	50.86805555555474	54.88194444444521	56.961805555554747	58.784722222226257	60.916666666671482	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780898	82.947916666671503	85.038194444445267	86.78472222222625	90.802083333335702	92.78472222222625	100.79513888889051	102.9236111111168	105.7881944444453	107.7743055555547	109.9375	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.48958333333579	135.78125	137.91666666667149	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.78125	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	2	2.72	2.5499999999999998	2.5099999999999998	2.5099999999999998	2.35	2.2400000000000002	2.38	2.2799999999999998	2.2599999999999998	2.36	2.1800000000000002	2.2400000000000002	2.12	2.16	2.31	2.16	2.34	2.17	2.2799999999999998	2.23	2.09	2.08	2.17	2.19	2.16	2.16	2.1	2.2200000000000002	2.21	2.23	2.25	2.25	2.17	2.15	2.2000000000000002	2.16	2.21	2.14	2.13	2.11	2.16	2.16	2.14	2.15	2.14	2.12	2.1800000000000002	2.1800000000000002	2.19	2.2000000000000002	2.2000000000000002	2.06	2.15	2.1	2.04	2.0499999999999998	2.0499999999999998	2.0499999999999998	2.12	2.1	2.15	2.12	2.1	2.12	2.14	2.12	2.06	2.1	2.08	2.11	2.12	2.11	2.11	2.13	2.13	2.11	2.12	2.15	2.13	2.14	time [days]

pH

(b) control
control - WATER	0	1.0381944444452531	2.0173611111094938	3.0173611111094938	4.0173611111094942	5.0590277777810124	7.0069444444452511	8.0277777777810115	9.0868055555547507	9.9965277777810098	11.003472222226261	12.003472222226261	14.097222222226261	14.96527777778101	16.034722222226261	16.954861111109501	17.954861111109501	20.3125	22.013888888890499	22.954861111109501	23.923611111109491	24.923611111109491	25.90277777778099	31.916666666664241	35.89930555555474	37.038194444445253	38.875	40.027777777780997	42.01041666666422	43.916666666664213	45.86250000000291	47.069444444445253	47.881944444445232	49.86805555555474	52.24305555555474	53.111111111109501	55.96875	58.069444444445253	58.944444444445232	60.861111111109501	63.045138888890499	64.871527777780983	66.86111111110948	68.95486111110948	71.04861111110948	74.86111111110948	77.03472222222625	78.871527777780983	80.871527777780983	84.874999999999986	87.100694444445267	88.868055555554704	90.996527777781012	92.86111111110948	94.86111111110948	96.934027777781012	98.888888888890463	100.9479166666642	102.86111111110949	104.9618055555547	107.0416666666642	108.8645833333358	110.996527777781	112.86111111110949	114.86111111110949	118.98611111110949	120.86111111110949	122.86111111110949	126.8645833333358	128.85763888889051	133.02777777778101	135.11805555555469	136.86458333333579	140.88194444444531	142.86458333333579	153.00347222222629	157.85416666666421	160.01736111110949	161.85763888889051	168.02430555555469	169.86111111110949	173.98263888889051	175.85763888889051	177.97222222222629	179.86111111110949	181.97569444444531	183.86111111110949	185.86111111110949	187.99652777778101	189.85416666666421	196.86111111110949	198.85416666666421	200.84722222222629	203.84722222222629	205.85416666666421	207.85763888889051	210.85069444444531	212.85763888889051	214.85416666666421	217.86111111110949	221.11111111110949	224.00694444444531	225.85416666666421	227.86111111110949	230.20486111110949	231.86111111110949	233.84722222222629	235.85416666666421	238.85069444444531	241.85416666666421	243.97222222222629	245.85069444444531	247.85416666666421	249.85763888889051	453	172	262	411	401	350	360	357	353	331	333	329	312	285	360	378	372	374	431	366	375	490	415	285	355	395	425	448	426	476	392	438	460	470	511	491	467	469	429	499	505	512	548	556	514	498	502	497	499	498	482	491	483	498	518	518	501	533	528	529	515	527	503	498	468	515	492	470	507	473	494	490	486	486	489	506	499	499	504	513	515	529	448	471	475	502	498	504	482	471	528	503	522	445	388	467	472	481	492	507	533	564	594	597	577	515	control - ABIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	37.020833333335752	38.788194444445253	40.916666666671503	42.78125	44.78125	46.854166666671503	52.78125	54.881944444445232	56.961805555554747	60.916666666671503	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780955	82.947916666671503	85.038194444445267	86.78472222222625	90.80208333333573	92.78472222222625	100.79513888889051	102.9236111111168	107.7743055555547	109.9375	111.777777777781	117.9444444444453	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.78125	135.78125	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.48958333333579	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	191.77430555555469	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	397	402	416	432	466	561	595	618	623	626	626	631	633	634	630	634	633	643	650	641	651	648	655	654	659	644	648	649	651	649	655	645	622	645	658	673	663	650	676	661	659	666	666	668	662	665	665	665	669	670	670	672	672	653	649	652	658	652	660	660	660	662	670	670	625	656	659	660	662	660	658	656	657	664	663	655	653	control - BIOTIC	0	1.138888888890506	2.163194444445252	3.03125	4.1736111111167702	5.8888888888905058	7.9895833333357587	8.8645833333357604	10.78125	12.96527777778101	14.791666666671521	16.78125	18.875	20.96875	22.868055555554751	24.78125	26.95486111111677	28.791666666671521	30.791666666671521	32.90625	34.795138888890499	37.020833333335752	38.788194444445253	40.916666666671503	42.78125	44.78125	46.854166666671503	48.80902777778099	50.86805555555474	54.881944444445232	56.961805555554747	58.784722222226257	60.916666666671503	62.78125	64.78125	68.90625	70.78125	72.78125	76.78472222222625	78.777777777780955	82.947916666671503	85.038194444445267	86.78472222222625	90.80208333333573	92.78472222222625	100.79513888889051	102.9236111111168	105.7881944444453	107.7743055555547	109.9375	119.78125	121.777777777781	123.902777777781	125.777777777781	127.8923611111168	129.78125	131.89583333333579	133.48958333333579	135.78125	137.91666666667149	139.77430555555469	146.78125	148.77430555555469	150.7673611111168	153.7673611111168	155.77430555555469	157.77777777778101	160.77083333333579	162.77777777778101	164.77430555555469	167.78125	171.03125	173.92708333333579	175.77430555555469	177.78125	180.125	181.78125	183.7673611111168	185.77430555555469	188.77083333333579	193.8923611111168	195.77083333333579	197.77430555555469	199.77777777778101	405	411	427	442	476	566	586	619	643	638	643	635	630	625	619	625	634	631	619	623	648	633	628	629	624	634	637	649	633	632	639	636	633	612	639	619	613	645	628	649	650	644	660	644	625	639	654	655	647	648	648	648	649	650	655	655	655	637	635	635	649	639	649	632	615	663	656	653	647	650	641	641	643	645	647	636	648	649	641	641	time [days]

redox [mV]

