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Abstract: Tank bioleaching of refractory sulphidic gold ores is well established, with potential to expand application to base metal concentrates. With increasing commercial tank bioleaching operations, understanding their microbial consortia is essential for process robustness. Recently, it has been shown that the consortia implicated in tank mineral bioleaching of gold-containing pyritic ores are dynamic, responding to the leaching environment. Factors driving the microbial dynamics of these consortia are under investigation, with emphasis also placed on determining the metabolic role of the key players in these consortia.
Here, the combined influence of solids loading and organic carbon availability on microbial community dynamics and performance has been studied in agitated, aerated slurry bioreactors at 45C. The control (autotrophic) and experimental (organic carbon added) reactors performed comparably at low solids loadings (4%, 7% and 10%). At 20% solids loadings, higher ferric iron concentrations (31 g/L vs 25g/L) and sulphide oxidation (66% vs 45%) were observed in the experimental reactor over the control. Under operating conditions used, a shift from bacterially-dominated cultures with L.ferriphilum as major species towards increasing archaeal abundance was observed.  Archaeal abundance was higher in the organic carbon supplemented reactor at all solids loadings. The increased microbial diversity with organic supplementation appears to contribute to increased community robustness and associated leaching with increasing stress.  
Introduction: 
Tank bioleaching of refractory sulphidic gold ores has become an established mining technology over the past 25 years [1]. With the existence of an increasing number of commercial tank bioleaching operations, the understanding of the microbial consortium active in these systems is essential to optimising process robustness [2, 3]. Recently, substantial deviation in the consortium composition from the expected main role players has been observed [1, 4], these being the autotrophic iron oxidising Leptospirillum ferriphilum, mixotrophic sulphur oxidising Acidithiobacillus caldus and iron/sulphur oxidising At. ferrooxidans, found in large scale operations [3]. Heterotrophic archaea such as Acidiplasma cupricumulans and Thermoplasma spp., previously less abundant have been reported to be increasingly prevalent in large scale tanks [1, 2, 4]. The bioleaching microbial community responds to physical forces in the reactor such as mixing, solids loading, particle size, aeration and chemical forces such as heavy metals, organic carbon, acidity and nutrients; these may affect culture evolution [1, 3-6]. Increased solids loading in agitated, aerated bioreactors has been shown to affect iron oxidation negatively.  The archaea have been recognised to be more vulnerable to higher solids loading than bacteria [5-7].
Several studies have shown that a variety of organic acids may be released or “leaked” into the bulk liquid from autotrophic bacteria such as A.caldus and L.ferriphilum [2, 8, 9]. These organics are a by-product of the metabolic activity of these iron or sulphur oxiders and may sustain populations of heterotrophic archaea such as the Acidiplasma and Thermoplasma spp. [9]. Communities including heterotrophs have been shown to be more effective in terms of bioleaching efficiency because dissolved organic carbon is removed [8, 9], providing a mutualistic relationship between these micro-organisms.  In this paper, we investigate the effect of organic carbon availability on the microbial ecology and the reactor performance of tank biooxidation with increasing solids loading. 
Materials and Methods:
Mineral concentrate and microbial culture: All reactor experiments were conducted with the pyrite/arsenopyrite (35-75µm) concentrate provided by Fairview mine, Barberton, South Africa. The microbial consortium was created from a mixture of Fairview and Kazakstan BIOX commercial cultures maintained on Fairview arsenopyrite.
Experimental system:  Each 1 Litre glass reactor (height 0.18 m; internal diameter 0.10 m), with four equi-spaced vertical baffles, was agitated by a 4 bladed pitch blade impeller (diameter 0.057 m) operated at 400 rpm. The reactors were sparged with air at 1 vvm using an L-shaped sparger. The reactor studies were initiated with 200 ml adapted commercial culture, 40g arsenopyrite concentrate and 800 ml 0K media (pH 1.3) and maintained at 45C using a circulating heated water bath. A 20 ml slurry sample was removed from each reactor daily and analysed for redox potential (Ag/AgCl reference electrode), pH , ferrous and ferric iron (1-10 phenanthroline method, [10]). Every 24 h, 150 ml slurry was replaced with 150 ml of 0K media and the appropriate amount of Fairview concentrate to maintain the solids loading. The experimental reactor was supplemented daily with yeast extract to maintain a concentration of 0.02% (w/v) yeast extract. At each solids loading, genomic DNA was extracted for quantitative PCR analysis with two domain and 5 species specific primers [1, 11]. Cell counts were performed with the use of a Thoma counting chamber. LECO analysis was also performed to determine the extent of sulphide oxidation. 
Results and Discussion
The performance of the reactors in the presence and absence of organic carbon supplementation and with increasing solids loading is given in terms of pH and redox profiles (Figure 1) and ferrous and ferric iron concentrations (Figure 2).  The control (autotrophic) and experimental (supplemented with organic carbon) reactors maintained a high redox potential (>680 mV) at the lower solids loadings (4, 7 and 10%), indicating efficient iron oxidation. At 20% solids loading, the control reactor redox decreased to ~550 mV. The redox of the experimental reactor decreased to~610 mV, before recovering to above 680 mV. 
The iron, pH data and ferrous/ferric iron data indicated that performance of the control and experimental reactors was similar at low solids loadings.  On increased loading to 20%, iron oxidation performance was negatively impacted with the increasing presence of residual Fe2+.  This was more marked in the control reactor. The ferric iron concentration in solution was higher in the experimental reactor at 20% solids loadings (31 g/L) than the control reactor (25 g/L) (Fig 2). Similarly, sulphur oxidation (leading to reduced pH) was reduced in the control reactor. 
Figure 1: Redox potential and pH values determined for the control and experimental bioleaching reactors at each solids loading.7%
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Figure 2: Ferrous and ferric iron concentrations with the Control and Experimental reactors at each solids loading.20%
15%
10%
7%
4%

Table 1 : Extent of sulphide oxidation in leached arsenopyrite concentrate from control and experimental reactors

	Solids Loading (%)
	Control
(%)
	Experimental
(%)

	4
	81.6
	80.2

	7
	81.5
	81.5

	10
	67.0
	69.2

	15
	41.9
	57.5

	20
	45.0
	66.0


Figure 3: Cell concentration ( control,  expt) and COD ( control,  expt) at each solids loading.



Cell concentrations within the control reactor were lower than the experiment, particularly at high solids loadings (Figure 3), indicating a possible increase in heterotrophic archaea with increased organic carbon concentrations [8, 9] at higher solids, measured by chemical oxygen demand (COD). The microbial diversity of the cultures is given in Figure 4.  This qPCR analysis relates major microbial classes previously identified in bioleaching of sulphide minerals [1, 11]. L.ferriphilum was dominant in both cultures at solids loadings below 20%.  The presence of Archaea was more dominant in the experimental reactor than the control, as expected from their heterotrophic nature [2]. The dominance of the Archaea increased with solids loading as previously reported by van Hille et al. [1].  This was especially notable in the experimental reactor.  Gplasma, a heterotrophic Thermoplamsa spp., was identified in both reactors; its role is not currently known [12].  The sulphide oxidation achieved (Table 1) was comparable at the lower solids loadings (4, 7 and 10%). At 20% solids loading, the experimental reactor attained 66% sulphide oxidation, compared with 45% in the control.  This performance is lower than that reported under similar operating conditions but differing reactor configuration in our labs [1]; this will be investigated further.
Figure 4: Microbial ecology with solids loading: Control (C); Experimental (E) reactors.
Conclusions
Solids loading and organic carbon supplementation influenced the tank bioleaching community evolution. At low solids concentrations, the cultures were dominated by the bacteria At. caldus and L.ferriphilum with the latter dominating.  The Archaeal abundance was higher in the reactor supplemented with organic carbon. At 20% solids, L.ferriphilum abundance was much reduced, with increased archaeal abundance, especially A.cupricumulans. This shift in bioleaching community was more marked in the carbon-supplemented reactor. The performance of the carbon-supplemented reactor at 20% solids loading exceeded the control reactor, possibly owing to the enhanced microbial diversity. Synergistic interactions between autotrophic and heterotrophic micro-organisms have been confirmed in supporting experiments (data not shown).
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Experimental ferrous	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	58.170731707317067	60.792682926829272	60.792682926829272	69.817073170731703	57.499999999999993	59.81707317073171	64.024390243902431	63.292682926829272	63.963414634146332	68.41463414634147	78.292682926829258	65.914634146341456	67.317073170731703	68.902439024390233	71.707317073170728	65.975609756097555	67.804878048780495	68.475609756097555	68.231707317073173	67.256097560975618	66.219512195121951	71.707317073170728	64.146341463414629	66.829268292682926	60.609756097560968	62.31707317073171	71.463414634146332	114.99999999999999	73.902439024390233	79.634146341463421	95.121951219512198	103.04878048780486	109.02439024390243	101.34146341463412	114.51219512195119	105.79268292682926	106.34146341463415	107.01219512195119	105.79268292682926	115.85365853658536	109.99999999999999	106.09756097560974	113.17073170731709	112.19512195121952	112.80487804878048	111.58536585365853	106.70731707317073	104.63414634146341	106.70731707317073	104.63414634146341	87.560975609756085	87.560975609756085	103.90243902439023	112.31707317073172	125	126.82926829268293	126.46341463414633	135.1219512195122	144.63414634146341	190.48780487804879	167.56097560975613	152.4390243902439	140.48780487804876	187.07317073170731	175.60975609756096	131.70731707317074	156.34146341463415	160.2439024390244	160.97560975609755	170.73170731707316	166.82926829268294	144.87804878048777	145.85365853658536	146.34146341463415	146.34146341463415	202.68292682926824	180.48780487804879	276.34146341463412	200.73170731707316	306.82926829268291	198.78048780487799	123.17073170731706	269.7560975609756	268.58536585365852	247.3170731707317	557.56097560975604	536.58536585365846	419.02439024390242	443.90243902439022	500.48780487804873	541.46341463414637	536.58536585365846	590.2439024390244	419.51219512195121	448.78048780487808	707.31707317073165	473.17073170731703	575.60975609756088	468.29268292682923	414.63414634146341	448.78048780487808	478.04878048780489	Control ferrous	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	54.878048780487802	55.426829268292678	53.841463414634141	59.634146341463406	64.573170731707322	58.841463414634148	64.146341463414629	65.365853658536579	158.84146341463415	63.536585365853654	70.914634146341456	62.865853658536594	58.414634146341463	65.914634146341456	67.439024390243901	65.304878048780495	66.341463414634148	66.951219512195124	66.341463414634148	65.121951219512184	65.304878048780495	69.512195121951208	66.707317073170742	64.512195121951223	61.158536585365859	61.341463414634148	68.170731707317074	88.536585365853654	76.341463414634134	81.585365853658544	95.121951219512198	97.804878048780481	102.80487804878048	108.53658536585365	114.14634146341464	112.25609756097563	115.12195121951218	110.97560975609755	107.31707317073172	109.7560975609756	108.53658536585365	103.65853658536585	111.58536585365853	109.7560975609756	106.70731707317073	112.80487804878048	108.41463414634147	105.97560975609755	105.97560975609755	107.4390243902439	90.365853658536579	98.536585365853654	110.48780487804878	114.26829268292684	128.78048780487805	129.02439024390245	129.63414634146341	137.80487804878047	133.17073170731709	136.82926829268294	178.29268292682926	146.34146341463415	137.07317073170734	160.97560975609755	160.97560975609755	161.46341463414635	169.75609756097558	173.41463414634146	170.48780487804876	168.29268292682926	162.19512195121951	146.34146341463415	145.85365853658536	136.58536585365854	143.41463414634146	199.51219512195121	187.5609756097561	231.46341463414635	185.36585365853657	248.53658536585363	272.92682926829264	209.7560975609756	560.2439024390244	445.60975609756093	682.92682926829264	441.21951219512192	377.07317073170731	232.68292682926827	182.4390243902439	232.68292682926827	437.5609756097561	396.82926829268291	280.48780487804879	304.8780487804878	256.09756097560972	282.92682926829264	409.7560975609756	392.6829268292683	346.34146341463412	304.8780487804878	300	290.24390243902434	260.97560975609758	Control ferric 	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	7.6280487804878057	7.2957926829268285	7.2973780487804873	6.7501219512195112	7.798841463414635	6.9411585365853661	8.199268292682925	8.3931707317073165	7.9338414634146348	8.1608536585365847	8.5632317073170725	7.9664024390243915	7.6586585365853654	8.3048170731707298	8.3569512195121956	8.3346951219512189	8.3482926829268287	8.3037804878048771	8.231219512195123	8.208048780487804	8.0810365853658528	8.9841463414634148	9.0503658536585352	8.8769512195121951	8.7925000000000004	8.7289024390243899	9.0732926829268283	10.945609756097561	10.372439024390243	10.981829268292683	10.882439024390242	12.692439024390243	13.906951219512193	13.803658536585365	15.710243902439027	14.980426829268289	15.153170731707316	14.454878048780488	14.429268292682925	14.036585365853657	14.184146341463414	14.237804878048779	14.327439024390243	14.280487804878048	14.527439024390244	14.521341463414634	14.08670731707317	13.942804878048781	13.942804878048781	13.160853658536585	12.82670731707317	14.838048780487805	16.465121951219515	16.217439024390242	17.412682926829266	17.802682926829267	17.880121951219515	17.964634146341464	18.013170731707316	16.531463414634146	19.255853658536587	19.097560975609753	19.092195121951224	20.853658536585364	20.619512195121953	19.536097560975609	23.830243902439022	22.070487804878049	22.366097560975611	22.046341463414631	22.301219512195122	21.409756097560972	19.902926829268296	23.907317073170727	19.437073170731708	22.863902439024393	23.71	23.69536585365854	28.321951219512194	24.790487804878044	27.746585365853655	24.551219512195122	24.786097560975602	18.754390243902439	25.26829268292683	23.949024390243899	24.579024390243898	25.328292682926829	23.837073170731706	25.328292682926829	23.328292682926829	23.447073170731702	25.280487804878049	25.256097560975611	25.890243902439021	26.643902439024387	24.175609756097561	24.387804878048779	24.824390243902435	25.256097560975611	24.480487804878049	24.685365853658535	25.495121951219513	Experimental ferric	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	7.8491463414634151	7.7782317073170724	7.7782317073170724	8.3253048780487813	7.6985975609756094	7.4767682926829266	7.8871951219512173	6.9415853658536584	7.784817073170732	8.6925609756097568	8.7899999999999991	7.8121341463414646	8.5375609756097539	8.526219512195123	8.4551219512195122	8.5584146341463416	8.5273170731707317	8.4778658536585372	8.4293292682926833	8.3424999999999976	8.5337804878048757	10.211219512195123	9.4529268292682929	9.0112195121951224	8.9832926829268267	8.8889024390243883	9.5480487804878038	10.177682926829267	9.77	10.749634146341466	11.787804878048778	12.677439024390244	15.188536585365853	13.362073170731707	15.719634146341463	14.362500000000001	14.274146341463414	14.502743902439024	14.518597560975614	13.835365853658535	14.036341463414633	14.186585365853658	14.501463414634147	14.375609756097562	14.501829268292685	14.473780487804877	13.083536585365856	14.217317073170733	13.942073170731707	12.480731707317073	13.970975609756097	13.161219512195123	15.018048780487804	15.995000000000001	16.967682926829269	17.239024390243898	17.444268292682924	18.201463414634144	19.12853658536585	17.985121951219512	17.99341463414634	19.28170731707317	20.259512195121953	19.744634146341465	20.619512195121953	16.960975609756098	21.809512195121947	24.64463414634146	23.253658536585366	21.502439024390242	21.78439024390244	20.196585365853654	19.902926829268296	18.439024390243901	18.439024390243901	23.372926829268291	24.15609756097561	24.104146341463412	26.916341463414636	26.415121951219511	28.09390243902439	27.096341463414635	27.203414634146338	23.926536585365856	29.547804878048776	26.60341463414634	27.073170731707314	29.629756097560975	29.917073170731705	30.289756097560979	30.678048780487806	30.878048780487802	30.043902439024386	30.409756097560972	31.160975609756104	31.487804878048777	31.136585365853666	30.448780487804878	31.336585365853651	31.975609756097555	30.57560975609756	29.570731707317069	Time (Days) 
Ferrous Iron (mg/L)
Ferric Iron (g/L)

1

