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ABSTRACT 

The release of mining influenced waters (MIW) and associated mitigation is a global 

economic liability in excess of a hundred billion dollars worldwide. The treatment of MIW is 

necessary to protect ecological and human health and well being. To that end, passive sulfate 

reducing bioreactors (SRBRs) provide a viable, cost-effective treatment option for 

nonoperational and remote sites. Despite implementation over the past two decades, these 

systems are typically designed and operated through best practice assumptions with limited 

fundamental understanding of “black box” microbial and geochemical mechanisms driving the 

desired metal immobilization. The research presented investigates geomicrobial interactions in 

lignocellulose-based SRBRs with a focus on the influence of organic substrate, inoculum, and 

resulting microbial ecological selection on metal immobilization. Fundamental processes were 

assessed at both the laboratory and pilot scales using regionally acquired zinc-rich MIW to better 

understand the complex feedback between geochemical and syntrophically-driven biological 

processes. The constructs developed at these scales were then applied to samples derived from a 

field-scale system that had been in operation for more than a decade to gain further insights into 

metal immobilization and ecological processes at environmentally relevant scales. Ecological 

and geochemical results presented herein at laboratory, pilot, and field scales contribute to the 

established body of research on SRBRs by providing unprecedented resolution of microbially 

and geochemically-mediated metal precipitation mechanisms. 

Collectively, these results demonstrate that labile reactive substrates high in alfalfa 

content impart a selective bias for bacterial communities resulting in higher biogenic sulfide 

evolution and enhanced zinc removal. In contrast, recalcitrant substrates dominated by woody 

plant debris selected less effective microbial communities with respect to metal immobilization. 
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Environmental perturbations did not affect the community structure in these columns as they 

were stable both over time and with depth. Despite this association with substrate, spatial and 

temporal shifts in metal precipitation regimes within the characterized columns were largely 

dictated by inorganic ligand availability rather than microbial profiles. Synchrotron analyses 

assessed biotic and abiotic effects of inoculation treatments on precipitate form and stability 

revealing that live inocula resulted in higher proportions of crystalline sphalerite and amorphous 

zinc-sulfide that could be attributed to microbial activity. Insights from these laboratory and 

pilot-scale systems were then applied to understanding a mature, field-scale reactor. Differential 

abundance determined a region identified as having both a distinct, SRB enriched community 

and increased sulfide-bound metal that was distinct from remaining zones which in contrast were 

enriched with respect to methanogenic archaea. This highlights how horizontally heterogeneous 

flow regimes can influence and should be considered during the design of larger-scale systems as 

well as design considerations to encompass abiotic versus biotic immobilization mechanisms. 

Collectively, this research has implications for SRBR design with respect to organic substrate 

selection, inoculation, and ligand distribution. Specifically these include the deployment of 

substrates that are a combination of labile and recalcitrant carbon, inocula has abiotic 

contribution to metal removal, and that inorganic ligand distribution determines where metals 

precipitate. These results also highlight the importance of further inquiry into the quality of 

organic carbon released from SRBRs, -omics approaches to delineate processes responsible for 

performance, as well as the importance of even MIW distribution in field SRBRs. 
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CHAPTER 1 

INTRODUCTORY REMARKS 

Mining Influenced Water (MIW) results from sulfide oxidation of ores and waste rock 

from hard rock mining operations. This phenomenon releases acidity and sulfate into the 

environment as described in equations 1-41 resulting in mobilization of metals into associated 

waters. The release of untreated MIW from active and legacy mining operations has far-reaching 

impacts providing a global challenge to human health, ecology of receiving waters, and 

economic prosperity at the watershed scale. In light of this the mitigation of MIW toxicity is a 

topic of great interest to industry and international government alike2–6. While this challenge is 

pervasive and associated with constant metal loading in receiving water bodies, the recent 

rupture of MIW from the Gold King Mine spill in the Upper Colorado River Basin in the 

summer of 2015, resulting in an acute release of approximately 3 million gallons of MIW into 

the Animas River is an acute example of the impact of MIW. This event, associated with the 

release of 190 tons of solids in the form of metals and salts, heightened societal awareness of 

MIW affects on the environment. The political and socioeconomic effects of this event were 

underscored when the People of the Navajo Nation sued the EPA for being forced to declare a 

state of emergency7. Besides Colorado and Utah, the transport along connected waterways has 

been predicted to impact New Mexico, Arizona, Nevada, and California8.  

2FeS2(S) + 7O2 + 2H2O  2Fe2+ + 4SO4
2- + 4H+ (1.1) 

4Fe2+ + O2 + 4H+  4Fe3+ + 2H2O (1.2) 

FeS2(S) + 14Fe3+ + 8H2O  15Fe2+ +2SO4
2- + 16H+ (1.3) 
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Fe3+ + 3H2O  Fe(OH)3(S) + 3H+ (1.4) 

As the old adage states, “If it’s not farmed, it’s mined”. To this end, MIW treatment is 

necessary, but presents an expensive and complex societal challenge. Indeed, remediation costs 

across United States watersheds amounts to an estimated $35 billion for approximately 500,000 

orphan and abandoned mines alone9. This number climbs to $100 billion worldwide10.  

Furthermore MIW presents an on-going challenge as non-operational sites can generate toxic 

MIW for centuries11. In addition to the enduring nature of this contaminant source, MIW can be 

highly variable with respect to pH and aqueous metal concentrations (Table 1.112) and solutions 

must be tailored to particular sites and regions varying in accessibility.  

Table 1.1 A wide range of pH and contaminant concentrations limit MIW generalizations. This 
data was synthesized and compiled from a review by Plumlee and Logsdon, 199912. All 
concentrations are in mg/L (except pH). 

 

*High and Low values excluding the 4 highest and lowest which precluded extreme outliers. 
After excluding the outliers, the distribution between the “high” and “low” values is fairly 
continuous. 
 
 

A potential solution, particularly for remote sites where active monitoring and operation 

of treatment systems presents challenges, is the deployment of passive, Sulfate Reducing 

Bioreactors (SRBRs) which have been employed for decades2 to mitigate the toxicity of MIW. 

SRBRs are largely comprised of lignocellose-based materials13, such as locally derived 

woodchips and alfalfa, that are in turn degraded by fermentative bacterial consortia to low 

molecular weight organic acids and alcohols (LMWOAs) such as lactic and acetic acids, ethanol, 

Range pH SO4
2- Fe Al Mn Zn Cu

High* 8.1 118,000 27,900 2,210 370 2,010 460

Low* 1.8 1 0.02 0.01 0.001 0.005 0.001

Extremes -1 to 8.7 760,000 111,000 6,680 800 23,500 4,760
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etc.14. LMWOAs can be oxidized by Sulfate Reducing Bacteria (SRB)14 resulting in biogenic 

sulfide that can bind with divalent metals and precipitate as stable metal sulfides15. Often the 

solid-phase organic substrate is further amended with limestone in order to buffer the pH and, in 

cases of high ferric iron concentrations, pre-precipitate iron hydroxides to prevent clogging16. 

Despite the apparent simplicity of its selection, largely focusing on plant biomass, the substrate 

selected for SRBRs is not a trivial aspect of their design, as it is a strong selective driver for 

microbial communities, and therefore determinative in performance17. In addition to metal 

sulfides other, less stable precipitates can form including carbonates18,19 and co-precipitates with 

other complexes, though the latter has not been as thoroughly investigated in SRBRs20.  

The applications and processes investigated in SRBRs are not limited to the treatment of 

MIW, as they are also excellent analogs for other natural and engineered fermentatively-driven, 

reducing systems and are therefore the focus of a wide-range of studies. SRBRs’ functionality 

has been previously investigated over relatively short time periods of weeks to months21–23; often 

using synthetic MIW as opposed to real MIW22–24. The microbial communities of SRBRs have 

been evaluated using a variety of molecular approaches including qPCR21,25, T-RFLP26, clone 

libraries27, and DGGE25,28. These molecular methods have some limitations in estimating 

diversity when compared to current next generation sequencing technology presented in many 

aspects of this dissertation.29.        

The second chapter of this dissertation discusses how labile and recalcitrant carbon 

sources select for similar functional guilds, but the relative abundance of specific clades within 

these guilds results in variable performance. This work has been published in Environmental 

Science and Technology,30 and is graphically presented in Figure 1.1. Syntrophic relationships 

between fermentative and sulfate-reducing bacteria are essential to lignocellulose-based systems 
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applied to passive remediation of mining influenced waters. In this study, seven pilot-scale 

sulfate-reducing bioreactor columns containing varying ratios of alfalfa hay, pine woodchips, 

and sawdust were analyzed over ~500 days to investigate the influence of substrate composition 

on zinc removal and microbial community structure.  Columns amended with >10% alfalfa 

removed significantly more sulfate and zinc than wood-based columns.  Enumeration of sulfate 

reducers by functional signatures (dsrA) and their putative identification from 16S rRNA genes 

did not reveal significant correlations with zinc removal suggesting limitations in this directed 

approach. In contrast, a strong indicator of zinc removal was discerned in comparing the relative 

abundance of core microorganisms shared by all reactors (>80% of total community), many of 

whom had little direct involvement in metal or sulfate respiration. The relative abundance of 

Desulfosporosinus, the dominant putative sulfate reducer within these reactors, correlated to 

representatives of this core microbiome. A subset of these clades, including Treponema, 

Weissella, and Anaerolinea was associated with alfalfa and zinc removal, while the inverse was 

found for a second subset whose abundance associated with wood-based columns, including 

Ruminococcus, Dysgonomonas, and Azospira. The construction of a putative metabolic 

flowchart delineated syntrophic interactions supporting sulfate reduction and suggests production 

of and competition for secondary fermentation byproducts, such as lactate scavenging, influence 

bacterial community composition and reactor efficacy. 
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Figure 1.1. Summary graphic of Chapter 2 highlights key differences between labile and 
recalcitrant carbon sources in lignocellulose-based sulfate-reducing systems (TN is total 
nitrogen). Reprint with permission from Environmental Science and Technology. 

 

The third chapter presents additional results on the same experimental setup presented in 

the second chapter, and an associated manuscript is prepared for submission to Water Research. 

Chapter three discusses the spatial distribution of inorganic ligands resulting from limestone 

dissolution and biogenic sulfide evolution as well as the role these have on aqueous metal 

sequestration. This chapter contributed to the development of a conceptual model for SRBRs 

(Fig. 1.2). To our knowledge, this is the most detailed and complete SRBR conceptual model to 

be presented in the literature thus far. Here we investigate spatial zinc precipitation profiles as 

influenced by substrate differentiation, inorganic ligand availability, and microbial community 
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structure in pilot-scale sulfate-reducing bioreactor (SRBR) columns fed sulfate and zinc-rich 

MIW. Through a combination of aqueous sampling, geochemical digests, electron microscopy 

and energy-dispersive x-ray spectroscopy we were able to delineate zones of enhanced zinc 

removal, identify precipitates of varying stability, and discern the temporal and spatial evolution 

of zinc, sulfur, and calcium associations. These geochemical insights revealed spatially variable 

immobilization regimes between SRBR columns that could be further contrasted as a function of  

labile (alfalfa-based) versus recalcitrant (woodchip-based) solid-phase substrate content. Both 

column subsets exhibited initial zinc removal as carbonates; however precipitation in association 

with labile substrates was  more pronounced and dominated by metal-sulfide formation in the 

upper portions of the down flow columns with micrographs visually suggestive of sphalerite 

(ZnS). In contrast, a more diffuse and lower mass of zinc precipitation in the presence of 

gypsum-like precipitates occurred within the more recalcitrant column systems that was 

attributed to both carbonates and sulfides. While removal and precipitation were spatially 

variable, whole bacterial community structure (ANOSIM) and diversity estimates,  were 

comparatively homogeneous. However, the phyla Firmicutes and Bacteroidetes exhibited a 

potentially selective, competitive relationship exhibiting a significant positive correlation 

between the ratio Firmicutes to Bacteroidetes and sulfide-bound zinc. This relationship suggests 

the relative abundance of these clades could yield insights into SRBR performance and 

operation. These biogeochemical insights indicate that depths of maximal zinc sulfide 

precipitation are temporally dynamic and influenced by substrate composition and broaden our 

understanding of bio-immobilized zinc species, microbial interactions and mitigation 

mechanisms in these types of passive bioreactors. 
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Figure 1.2. SRBR conceptual model where theoretical concentrations or availabilities are 
represented by dotted lines, observations made in these systems are in single lines, and 
predictions are in double lines. This conceptual model highlights the role of limestone 
dissolution, carbonate release (red) and subsequent ZnCO3 formation as an initial removal 
mechanism. This is in contrast with a scenario where sulfide is the sole inorganic ligand 
available for zinc to complex with (dotted purple line). Futhermore this conceptual model 
highlights decrease in carbonate reactivity with time (Miller et al., 2011 and Miller et al., 2013). 
The predicted increase in substrate maturity (brown) coincides with an increase in sulfide 
evolution (grey) and complete zinc removal (purple).   

 

Chapter four presents a lab-scale study designed to tease apart the abiotic and biotic roles 

inoculum plays in SRBRs with respect to mobility and stability of resulting metal sequestration 

mechanisms. This work is in preparation for submission to Environmental Science and 

Technology. This manuscript includes sequential extraction data, geochemical model predictions, 

and real time quantitative polymerase chain reaction (qPCR) data, however chapter four will 
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focus on my primary contribution to this work which included gathering and analyzing 

synchrotron data determining specific speciation of the precipitates.  

In this work three inoculation treatments were examined; live (biotic), killed (abiotic), 

and no inoculum (control). The live inoculum (anaerobic digester sludge granules) resulted in a 

higher proportion of crystalline sphalerite, a more stable ZnS polymorph, than the amorphous 

zinc sulfides preferentially observed in sterilized inoculum columns. However, columns devoid 

of inoculum exhibited extremely limited sulfide-mediated zinc removal of any kind. This 

absence of zinc-sulfide in columns containing no inoculum compared with the presence of 

modestly stable amorphous ZnS in sterilized granule columns underscores the abiotic 

immobilization capacity of inoculum. 

Chapter five represents a culmination of applied fundamental insights gleaned from pilot 

and lab-scale studies as applied to an established field-scale reactor. The sacrificial excavation of 

a field-reactor treating MIW for approximately 10 years facilitated an unprecedented opportunity 

to characterize the biogeochemistry of an operational reactor both regionally and with depth. The 

lab and pilot-scale investigations indicated that these systems are relatively stable with respect to 

depth, when compared to aquifer sediments with an array of electron acceptors. While a lack of 

geochemical and microbial guild horizons is to be expected considering neither sulfate nor 

organic electron donors were depleted with depth, these experimental set-ups were limited with 

respect to lateral variability.  

Results presented in Chapter 5 indicated regional differences in performance and 

community structure. Absorbed, exchangeable, carbonate bound and sulfide bound aluminum, 

iron, manganese, and zinc were delineated with respect to depth and region using sequential 
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digests. Similarly, microbial community structure was spatially compared. Absorbed, 

exchangeable, carbonate bound metals exhibited more spatial variability than sulfide bound 

metals especially with depth. Importantly, an enrichment of sulfate reducing organisms was 

associated with regions of significant quantities of sulfide-bound aluminum and zinc while 

regions with less sulfide precipitation exhibited a higher abundance of methane-related metabolic 

guilds. It is not likely that the SRB and methanogenic archaea are competing for a limited carbon 

source, and these spatial variations in performance are more likely attributable to localized flow 

aberrations and sulfate availability. 

The appendix of this dissertation includes supplementary information for Chapters 2, 3, 

4, and 5. This section includes additional data, methods, and references for figures as needed. In 

addition to supplementary information I have included a methods manuscript that is currently 

undergoing peer review for the journal Bio-Protocol. That manuscript provides a detailed design 

protocol for the pilot-scale columns investigated in Chapter 2 (Environmental Science and 

Technology), and Chapter 3. With respect to my larger body of work, the submission of Chapter 

3 and the manuscript associated with data from Chapter 4 will be in peer-review shortly and we 

are currently calibrating the most effective path forward for Chapter 5 as it relates to broader 

dissemination. While not part of this thesis, I also played a supporting role on another manuscript 

published in the Journal of Basic Microbiology entitled Polygold-FISH for signal amplification 

of metallo-labeled microbial cells31. 

Holistically, this dissertation addresses substrate-driven microbial selection and the 

ensuing implications for metal precipitation in SRBRs. Insights derived from the pilot-scale 

substrate permutation experiment can contribute to more informed design and operation as these 

relate to the organic substrate selection, deployment and monitoring of field scale systems. 
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Comparing inoculation regimes further informed the abiotic and biotic roles of inoculum and its 

implications for overall precipitate stability and metal immobilization processes. Finally the field 

characterization provides unprecedented observations into an operational system, which 

facilitated the extrapolation of detailed experiments executed at the lab and pilot scale to a more 

applied setting.  The results presented here contribute to the growing body of research on SRBRs 

employed for MIW treatment by defining key biogeochemical processes and spatial and 

temporal relationships as observed at the lab, pilot, and field-scales.     
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CHAPTER 2 

ORGANOHETEROTROPHIC BACTERIAL ABUNDANCE ASSOCIATES WITH ZINC 

REMOVAL IN LIGNOCELLULOSE-BASED SULFATE-REDUCING SYSTEMS 

A paper published in Environmental Science and Technology1 

Dina M. Drennan2, Robert Almstrand2, Ilsu Lee3, Lee Landkamer2, Linda Figueroa2, and 
Jonathan O. Sharp2 

 

2.1 Introduction 

The low maintenance and monitoring requirements of passive sulfate reducing 

bioreactors (SRBRs) have led to their adoption to mitigate metal transport from mining 

influenced water (MIW) at remote orphaned and abandoned mines throughout the United 

States32. While implemented for over two decades, the microbial ecology of these systems in 

relation to design and operational parameters is not yet well characterized despite its importance 

for bioreactor performance and stability as well as fundamentally increasing our understanding 

of metabolic and ecological feedbacks in suboxic, fermentative systems. In addition to locally 

                                                           
1Reprinted with permission from  
Drennan, D.M.; Almstrand, R.; Lee, I.; Landkamer, L., Figueroa, L.; Sharp, J.O. 
Organoheterotrophic Bacterial Abundance Associates with Zinc removal in Lignocellulose-
Based Sulfate-Reducing Systems. Environ. Sci. Technol. 2016, 50 (1), pp 378–387. Copyright 
2016 American Chemical Society. 
  
2Colorado School of Mines, Department of Civil and Environmental Engineering, 
1500 Illinois St. 
Golden, Colorado 80401 
 
3Freeport McMoRan Inc. 
1600 Hanley Blvd. 
Oro Valley, Arizona 85737 
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derived lignocellulosic materials that facilitate hydraulic conductivity and provide sustained 

release of organic carbon, SRBRs often contain limestone to neutralize acidity. Carbonate 

mineral dissolution in conjunction with biogenic sulfide production can result in carbonate and 

metal sulfide precipitates as well as increased pH21,25,32,33 that mitigate the environmental impact 

of released waters.  

Successful operation of SRBRs relies on an organoheterotrophic microbial community of 

cellulolytic and saccharolytic fermenters to metabolize lignocellulosic materials into organic 

acids and alcohols that in turn are utilized as electron donors by sulfate reducing bacteria 

(SRB)33. The composition and dynamics of coupled organoheterotrophic and sulfate reducing 

communities has been explored previously through a variety of molecular approaches including 

quantitative PCR21,25,  T-RFLP26, clone libraries34, and DGGE21. However, these methodologies 

have limitations in calculating microbial diversity estimates29,35 and phylogenetic resolution, 

impeding the delineation of interactions between functional guilds and their correlation to 

environmental and operational variables.  To this end, a previously unattainable resolution can be 

achieved by employing high throughput 16S rRNA gene-based phylogenetic sequencing to 

facilitate the identification of temporal and spatial ecological trends and correlation to metabolic 

drivers of community composition36,37. From a broader perspective, SRBRs present an 

environmentally relevant, controlled system with limited biological richness providing a unique 

opportunity to explore syntrophic fermentative reactions. Although the importance of organic 

substrate selection and decomposition for SRBR performance has been addressed previously38–

41, a major gap still exists in our understanding of how this relationship links to microbial 

ecology and desired process outcomes. In addition, previous work on SRBR functionality has 

been primarily conducted over relatively short operations of weeks to months34,38,39, utilized 
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synthetic MIW rather than actual mine drainage21,33,34, and/or operated at bench-scale which may 

affect the relevance and applicability of findings to field implementation. 

In order to attain a high level of environmental relevance while focusing on organic 

substrate variability, the study reported herein employed seven pilot-scale SRBRs amended with 

different solid substrate permutations that received circumneutral, zinc-laden effluent from actual 

MIW in the southwestern United States. The reactors were operated and monitored for nearly 

500 days based on the rationale that longer-term, pilot-scale studies will ensure operational 

relevance of the collected data for interpretation of bioreactor ecology and function38,39.   A 

multifaceted approach that integrated operational variables, performance metrics, and microbial 

ecology was employed to investigate the effects of substrate permutations on the community 

structure in SRBRs with the goal of understanding ecological indicators of robust zinc 

immobilization. To this end, differences in zinc immobilization were correlated to the relative 

abundance of bacterial guilds involved in sulfate reduction as well as heterotrophic respiration. 

Putative respiratory processes were then linked to differential microbial abundance as a function 

of substrate to better understand the interplay of lignocellulose fermentation with the desired 

functional process of sulfate reduction and its influence on zinc immobilization.   

2.2 Materials and Methods 

Herein methods for column sampling, chemical analysis of liquid- and solid-phase 

samples, as well as molecular techniques are described.  

2.2.1 SRBR Design and MIW Characteristics 

Seven SRBRs consisting of 20L down-flow PVC columns (132cm by 15.25cm ID) were 

filled with 30% (w/w) limestone mixed with variations of the following organic substrates: 
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ponderosa pine woodchips, sawdust (from the same pine), or alfalfa hay to a volume of 18L. The 

columns described in Table 2.1 will be referred to throughout the text as WSA (woodchips, 

sawdust, and alfalfa hay), SA (sawdust and alfalfa hay), A (alfalfa hay), WS (woodchips and 

sawdust), S (sawdust), and W (woodchips). Statistical analysis of replicate columns was not 

possible given the scale of this study which has been addressed previously42. The columns were 

equipped with three vertical ports (top, middle, and bottom) for liquid and solid-phase sampling 

as shown (Fig. 2.1) in order to monitor the evolution of metal precipitation and microorganisms 

respectively. Additional SRBR design details can be found in Method S1.1. 

 

Table 2.1 Fractional Composition of Organic Substrates, Mass, and Additions across Column 
Array 

 

 

2.2.2 Column Sampling 

Influent and effluent was collected at approximately weekly intervals throughout the 

duration of the experiment for chemical analyses. After, 345 and 494 days of operation (May 7, 

2013 and October 3, 2013 respectively), sacrificial substrate bags for biological and chemical 
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analyses were collected under an anoxic 80:20% stream of N2:CO2, placed in Whirl-paks® 

(Nasco, Fort Atkinson, WI), flushed anoxically, vacuum sealed, frozen and shipped overnight. 

Samples were archived at -20°C in the laboratory upon arrival. Substrate samples were 

subsequently thawed in an anaerobic glove box and fractioned for DNA extraction or 

geochemical processing.    

 

 

Figure 2.1 Schematic and photograph of SRBR column depicting the relative locations of the 
liquid and solid sampling ports and segment volume used in data analyses. Flow regime for the 
columns is reported in Table 2.2. 
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2.2.3 Chemical Analysis of Liquid- and Solid-Phase Samples 

Aqueous samples (10mL) were collected from the top downward before retrieval of solid 

samples to minimize the effect of particulate suspension caused by the sampling process. The 

initial field-derived MIW from the southwestern United States had a pH 6.4 ±0.1 with the 

following approximate concentrations of major constituents: sulfate 5,300 (mg/L), chloride 30 

(mg/L), calcium 520 (mg/L), magnesium 720 (mg/L), sodium 180 (mg/L) and zinc 140 (mg/L). 

The MIW was selected because of its low iron content (<1mg/L) in an effort to circumvent the 

potential for ferric iron clogging the SRBRs. The alkalinity of the MIW ranged from 5-20 mg/L 

CaCO3. Given this composition and pH, the MIW was over-saturated with respect to gypsum 

(CaSO4(s)) at 25°C according to geochemical modeling (Visual MINTEQ40,41).  Aqueous 

samples were acidified for preservation immediately (in Arizona) with concentrated (70%) 

reagent grade nitric acid (final pH < 2); samples were filtered at the Colorado School of Mines 

Campus within 48 hours of collection.   

2.2.4 Nucleic Acid Extraction and Sequence Analysis 

DNA was extracted from 5g wet weight of  solids collected as described in the Column 

Sampling section using an adapted phenol-chloroform method43. PCR inhibitors were removed 

using the QIAGEN QIAprep® Spin Miniprep Kit. Amplicons were sequenced on an Illumina 

MiSeq with a 2x250 paired end kit at the University of Colorado Boulder resulting in ~300bp 

reads (~270bp after trimming). Quantitative Insights into Microbial Ecology (QIIME) version 

1.8.044 was used for all sequence analysis. Sequences were aligned to the Greengenes reference 

alignment using PyNAST44. After sequences were quality filtered and assigned to their samples, 

there were 885,000 reads that were subsequently clustered into operational taxonomic units 

(OTUs) in accordance with the subsampling open reference (reference sequences clustering at 
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98%) protocol using the October 2012 Greengenes database45 (available at 

www.greengenes.secondgenome.com). A phylogenetic tree was assembled with FastTree using 

the QIIME default settings46. Sequences have been submitted to MG-RAST under ID 4629386.3. 

Further sequence analyses can be found in Method S1.3.   

2.2.5 Quantification of Biomass and SRB 

Quantification of 16S rRNA (EUB 338/ EUB 515) and dsrA (DSRF1+/ DSR-R) were 

performed on a Roche qPCR LightCycler® 480 System using the PerfeCta® SYBR® Green 

SuperMix kit (Quanta Biosciences, Gaithersburg, MD) and adapted from methods described 

previously41,47. Standard curves for EUB and DSR primer sets were established using genomic 

DNA extracted from a pure culture of D. vulgaris using the QIAGEN QIAprep® Spin Miniprep 

Kit. Additional qPCR methods can be found in Method S1.2.  

2.3 Results and Discussion 

Results of total removal, sulfate reducing bacteria community analysis as well as core 

microbiome insights are explored herein.   

2.3.1 Zinc Attenuation 

Organic substrate selection for SRBRs is based on a combination of operational 

parameters and practitioner best judgement, which includes the optimization of metal-sulfide 

precipitation, influent water chemistry, material/construction costs, and availability 

considerations32,33,47. Seven columns with permutations of relevant lignocellulosic materials 

(Table 2.1, Fig. 2.1) were constructed to enable substrate and aqueous sampling spatially with 

minimal operational disruption. Over the course of the 500-day experiment, influent pH was 6.4 

http://www.greengenes.secondgenome.com/
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±0.1 and effluent pH was 6.2 ±0.1. The use of actual mine water derived from a regional site, the 

larger pilot scale, and duration of this experiment provides environmental relevance. 

Aqueous zinc removal was monitored approximately weekly throughout the experiment. 

Zinc removal is presented as the cumulative mass of zinc removed per gram of organic substrate 

as a function of time (95% confidence intervals) to enable a more direct comparison between the 

systems due to different substrate masses and optimization of zinc loading (Figure 2.2). The 

average influent zinc concentration of the MIW was 137 ± 5 mg/L over the course of the 

experiment. After 107 days the columns behaved similarly where, approximately 80% ±11% of 

the introduced zinc was removed across all columns. However, by day 345, columns containing 

> 10% alfalfa (SA/WA/A) were operationally distinct from those devoid of alfalfa and primarily 

containing woody material (woodchips and/or sawdust - WS/S/W). For broader insights, these 

two groups are binned for many of the subsequent analyses. Operational modifications to flow 

targeting increased zinc deposition magnify these temporal trends (Table 2.2).  Columns 

SA/WA/A had removed 11.3 ± 3.6 mg zinc/g of substrate at the close of operation. Column 

WSA, which had the lowest fraction of alfalfa, was initially slow to remove zinc but ultimately 

had similar rates of removal to the other alfalfa columns (Figure 2.2). In contrast, columns 

WS/S/W removed significantly less (2.9 ± 0.6 mg zinc/g of substrate) despite promising initial 

removal by the sawdust column (Figure 2.2).  
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Figure 2.2 Zinc removal (mg/g) by the different columns revealing performance clustering that can be attributed to a higher presence 
of alfalfa (Table 2.1). A pore volume equates to roughly 30 days at a flow rate of 0.4 L/day. Mass removal was heightened in select 
columns by operational increases in flow rates, as documented in Table 2.2. 
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Table 2.2 Flow Rate Manipulations for 7 SRBRs in L/Day and Average Empty-Bed Contact Time (EBCT) over the course of the 
experiment. 
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This performance discrepancy corresponded to >95% aqueous zinc removal by columns 

containing greater than 10% alfalfa (125 ± 0 and 228 ± 39 mg/L/d; after 345 and 494 days 

respectively in SA/WA/A). In contrast, comparatively modest zinc removal was observed in the 

columns dominated by woodchips and/or sawdust (WS/S/W), with an average removal of 3.6 ± 1 

and 31 ± 34 mg/L/d after 345 and 494 days respectively. Interestingly, during the latter portion 

of the experimental duration, column WSA (10% alfalfa) transitioned from removing 6 mg/L/d 

to 188 mg/L/d of net zinc removal, comparable to the higher alfalfa-content columns. While this 

could be attributed to maturation; other operational variables including a manure inoculation 

event (day 381) which could augment the microbial community and provide additional labile 

carbon, as well as flow perturbations, interferes with this interpretation (Tables 2.1 and 2.2) and 

is discussed further in the next section. Though not as pronounced, zinc removal in columns WS 

and S, which also experienced the inoculation event at day 381 and modest increases in flow 

rates, demonstrated increased efficacy with an average removal of 71 ± 15% (Fig. 2.2 and Table 

2.2).  

2.3.2 Substrate Properties  

After 345 days of operation, the cellulose to lignin ratio had decreased in columns 

containing ≥ 35% alfalfa (Fig. A.1). This suggests preferential respiration of these more 

bioavailable cellulolytic materials. Enhanced degradation of cellulose relative to lignin agrees 

with prior findings that hemicellulose and α-cellulose were readily consumed in alfalfa reactors 

when contrasted with comparatively lignin-rich woodchip system48. The association between 

zinc removal and alfalfa hay content in conjunction with these prior findings suggests that the 

limited efficacy of woodchip-rich, alfalfa-poor columns were influenced by a higher lignin to 

cellulose ratio in woodchip columns. Indeed, the presence of lignin is reported to limit cellulose 
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degradation49,50 (and thereby the production of oxidizable substrates that support SRB). 

Furthermore, the presence of antimicrobial terpenes in pinewood chips51 could pose an additional 

inhibitory mechanism for those impacted columns.    

Higher concentrations of total nitrogen (TN) were also released by columns containing a 

larger proportion of alfalfa during the first 100 days of the experiment. Influent  TN was 

comparitively low at 2.4 ± 0.2 mg/d. Lower C:N ratios of alfalfa (~18:152) compared to wood 

substrates such as conifer woodchips or sawdust (>460:152) (Table A.1) indicates potential for 

nitrogen deficiency in these columns as opposed to those with alfalfa53 (Fig. 2.1, Table A.1). 

Importantly, low nitrogen availability has been shown to be particularly deleterious to certain 

sulfate reducing bacteria54. Hence, the lower TN observed in the woodchip columns could 

contribute to their lesser performance (Fig. A.1).  

While the inoculation event may have introduced opportunistic organisms, it is as likely 

that the late onset of zinc removal in WSA was a result of surmounting challenges associated 

with low N content (Table A.1), lower cellulose to lignin ratios (Fig. A.1), and/or a temporal 

decline in terpene toxicity as discussed above. Unfortunately, a direct link between improved 

zinc removal and the re-inoculation is unclear in the absence of an appropriate control.  

2.3.3 Sulfate Reducing Bacteria Community 

The average influent sulfate concentration was 5339 ± 95 mg/L. Effluent sulfate 

concentrations of the seven SRBRs were in excess of 2,000 mg/L demonstrating that sulfate 

availability was not limiting microbial respiration in these systems. The average sulfate removal 

rate at 345 days for alfalfa (SA/WA/A) and woodchip (WS/S/W) columns was 40 ± 5 mg/L/d 

versus 1 ± 1 mg/L/d respectively. At 494 days, alfalfa columns were removing 25 ± 24 mg/L/d 
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sulfate; in contrast removal by the woody columns was still comparatively modest at 2 ± 7 

mg/L/d. Dissolved effluent sulfide measurements varied when contrasting alfalfa and woodchip 

columns; furthermore column WSA exhibited increased sulfide release that coincided with other 

shifts in performance parameters after 345 days.  At 394 days, the average sulfide concentrations 

in alfalfa versus woodchip columns were 28 ± 3 mg/L and 0.1 ± 0.2 respectively and 20 ± 21 

mg/L and 2 ± 4 mg/L respectively at 494 days. Sulfide data can be found in Table A.2. These 

measurements likely underestimate total sulfide production due to precipitation of sulfide species 

(i.e. complexation with zinc55) and potential volatilization during sampling.    

 Despite the clear distinctions in sulfate removal between SA/WA/A and WS/S/W, 

enumeration of sulfate-reducing functional genes (dsrA) or total 16S rRNA gene copy numbers 

by quantitative PCR were not clear indicators of performance or differences in community 

composition (Table A.3). Specifically, zinc removal (P=0.43), sulfate reduction rate (SRR) 

(P=0.22), woodchip content (P=0.93), and alfalfa hay content (P=0.44) were not correlated with 

total microbial biomass (16S copy number). Similarly, dsrA copy number was not correlated 

with zinc removal (P=0.35), SRR (P=0.34), woodchip content (P=0.77), alfalfa content (P=0.38), 

or putative SRB abundance (P=0.93). Furthermore, the average binned ratio of dsrA to 16S was 

not significantly different between SA/WA/A (0.06 ± 0.02), WS/W/S (0.04 ± 0.01), and WSA 

(0.06 ± 0.02). These values were comparable, though higher than the relative abundance of SRB 

putatively identified from Illumina data (2% ± 0.3%). 

Interestingly, a BLAST56 inquiry revealed that the functional qPCR primers used in this 

study, DSRF1+/DSR-R, while capturing other SRB identified by our phylogenetic analysis, do 

not target sulfate reducing genes resident within Desulfosporosinus, which is the most abundant 

putative SRB genus within our system.  Desulfosporosinus  was recently isolated from acidic 
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rock drainage and capable of oxidizing a variety of organics including xylose57, but is generally 

classified as a lactate oxidizer58. Hence, primer coverage limitations affected identification of 

relationships between enumerated SRB and metadata parameters. This suggests that 

development or extension of existing dsrA primers that more broadly encompass sulfate-

reducing genes could be of value and explain limitations of this approach in prior studies25.  

However this increased coverage could still be of limited utility. The average relative abundance 

of Desulfosporosinus was indeed higher in columns containing >10% alfalfa (SA/WA/A; 2.5% ± 

0.5%) than in columns that did not (WS/S/W: 1.5% ± 0.2%); however, the relative abundance of 

the genus itself was not directly correlated to zinc removal (P = 0.4) indicating further limitations 

when focusing specifically on currently identified sulfate-reducing guilds or curated genetic 

sequences. 

While direct enumeration and putative identification of sulfate reducing bacteria did not 

reveal a strong correlation to performance parameters within our system, the relative abundance 

of Desulfosporosinus was correlated with several core organoheterotrophic organisms that were 

indicators of performance, including the abundance of Weissella, a lactic acid producing 

bacteria59 and Treponema, which has been shown to perform acetogenesis, carbon fixation, and 

is often associated with cellulose degradation60. This suggests that characterizing the 

organoheterotrophic “backbone” of lignocellulosic sulfate reducing systems with a focus on 

syntrophic fermenters, as opposed to methods targeting sulfate reduction, could bring insight into 

the mitigation potential of SRBRs. 
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2.3.4 Relationships between Column Variables and Microbial Ecology 

 As a result of the limitations described above, a more holistic investigation of 

microbial ecology of SRBRs was pursued to enhance understanding of these passive treatment 

processes and enable future metagenomic inquiries into these and analogous systems as well as 

targeted visualization of functional guilds31. Illumina sequencing was employed to establish 16S 

rRNA gene-based phylogeny across the different column systems.  We then assessed 

relationships between microbial communities and physicochemical reactor attributes by 

canonical correspondence analysis (Fig. 2.3) and Spearman’s rank correlation coefficients 

(Tables A.4A&B). ANOSIM tests (Method S1.3), widely used for querying spatial and temporal 

trends61, revealed that the community structure was indeed significantly different between alfalfa 

and woodchip columns (R=0.43; p-value=0.00001). 

The clear groupings between organic substrates as well as confirmation with that these 

subsets are significantly different from eachother with respect to their microbial communities 

confirms that organic substrate exerts a selective pressure in these systems. Furthermore, neither 

SA/WA/A nor WS/S/W were significantly different between time points (R=0.13; p-

value=0.0004) and (R=0.11; p-value=0.0007) respectively. The lack of temporal changes implies 

that flow perturbations to the columns (Table 2.2) had little effect on community structure 

between microbial sampling dates. 
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Figure 2.3 Relationships between the relative abundance of core genera and physicochemical properties as depicted by canonical 
correspondence analysis, where the x-axis explains 27% and the y-axis explains 9.6% of the variation. The position of the arrows 
indicates correlations between operational parameters (caps) and microbial clades (lowercase); arrow length corresponds to the 
strength at which a given parameter affects community diversity (Unifrac distance; variance threshold of 30). In congruence with 
Figure 2, purple data points depict woody columns (WS/S/W), while green data points depict alfalfa columns (SA/WA/A), 
demonstrating clear differences between these assemblages. 
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A core microbiome35 shared across the reactors was constructed for the collected samples 

in an effort to identify shifts in the abundance of microbial guilds associated with key processes 

in support of SRBR function. Conserved microorganisms comprised 81 ± 5% of the total 

bacterial community in the alfalfa (SA/WA/A) columns and 93 ± 1% in woody (WS/S/W) 

columns (Fig. A.2). Conserved clades in these systems included Catabacteriaceae, 

Clostridiacaeae, Lachnospiraceae, Bradyrhizobiaceae, and Xanthamonadaceae families as well 

as Clostridium, Azospira, Dysgonomonas, Ruminococcus, Vagococcus, Treponema, 

Desulfosporosinus, Weissella, and Anaeolinea genera. 

Two distinct groupings emerged from this analysis (Fig. 2.3). The first were positively 

correlated with zinc removal, SRR, and alfalfa content and included the genera Treponema, 

Weissella, and Anaerolina, in addition to the Catabacteriaceae and Xanthamonadaceae families. 

The second grouping: Ruminococcus, Dysgonomonas, Clostridium, Azospira, and Vagococcus 

genera in addition to Clostridiacae, Lachnospiraceae, and Bradyrhizobiaceae families were 

positively correlated with woodchip content and negatively correlated with zinc removal, SRR, 

and/or alfalfa content. Clades correlated with alfalfa largely correlated with each other (in terms 

of relative abundance) and the same pattern held for clades correlated with woodchips (Fig. 2.3, 

Tables A.4A&B). 

Formation of fermentation intermediates, such as lactate, was not investigated in our 

work (and may have been difficult to detect regardless due to consumption in this syntrophic 

association). However, the presence of lactic acid producing bacterial genera including 

Anaerolinea, Treponema, Weissella, and Vagococcus across all columns suggests a potential for 

suitable SRB electron donor production in these systems. Suitable electron donors for sulfate 
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reduction would be provided by lactic acid production and deprotonation under the prevailing 

conditions to lactate.  

The average relative abundance of Treponema in alfalfa columns was 5 ±2% as opposed 

to 1 ±0.4% in woodchip columns. In contrast, Azospira has been documented to consume 

lactate62 (potentially creating competition for SRB) and furthermore has the potential to oxidize 

produced sulfide63. Thus while alfalfa and woodchip columns have the potential to produce 

lactate, the favorable reductant for Desulfosporosinus58, the higher abundance of Azospira in 

woodchip columns (Fig. A.2) may limit the growth or products of the sulfate reducing 

community.  

As described earlier (Fig 2.2, Table 2.1), zinc removal in the column with the smallest 

percentage of alfalfa (WSA) transitioned in performance between the last two sampling events 

providing an interface to explore this column’s shift in concert with the column groupings. Prior 

to re-inoculation (day 381 of operation) and loading rate manipulation, WSA was the only 

column containing alfalfa hay that did not remove > 95% of the zinc after 345 days. In alfalfa 

columns, the relative abundance of putatively identified SRB was on average slightly higher (2.5 

± 0.6%) than observed for woodchip/sawdust columns (1.5 ± 0.2%) (Welch’s test, p < 0.01) and 

comparable to previously reported levels of 1-6% abundance in effective pilot-scale SRBRs34. 

WSA which exhibited improved metal removal between day 345 and 494, did not exhibit a 

parallel increase in the average relative abundance of putatively identified SRB between time 

points (1.5 ± 0.6% at both time points).  
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2.3.5 Conserved Microbial Populations  

The clear distinction between alfalfa and woodchip-based columns in Figure 2.3 led us to 

average the relative abundance of conserved microorganisms within these groupings as 

delineated using the compute_core_microbiome.py script described in Method S1.3. To further 

explore how less abundant core organisms influence performance and better visualize 

differences, we averaged those core families and genera representing < 10% of total average 

relative abundance (thus excluding the genera Dysgonomonas, Azospira, and Clostridium which 

are shown in Figs. A.2 and A.3). Catabacteriaceae was included in this analysis, despite its 

prevalence in alfalfa columns, as it was present at < 10% in woody columns. This resultant 

subset of the core microbiome comprised 49 ± 5% of the total bacterial community in alfalfa 

columns and 26 ± 5% in woodchip columns. The more recalcitrant lignocellulosic substrates 

(woodchips and sawdust) select for a similar organoheterotrophic core community to alfalfa; 

however the core organisms are present at varying abundances between the two treatments. 

There were 16 more genera represented in the woody than in the alfalfa-derived core 

microbiomes. Interestingly, all genera in the alfalfa columns were also present in the genera-

richer woody columns; however none of the clades unique to woody columns were present at > 

0.5% of total bacterial abundance. A Circos representation of this subset (Fig 2.4A&B)63 and 

heatmap of the conserved microbiome (Fig A.3) was employed to visualize core organisms 

found across the two systems and associated with alfalfa (> 95% zinc removal) versus the less 

effective zinc removal found in the woody systems. This revealed distinct groupings where the 

relative abundance of select clades shifted strongly as a function of substrate.  
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Figure 2.4 Differences in the average relative abundance of select core clades in (A) alfalfa (SA/WA/A) versus (B) woody (WS/S/W) 
columns. The width of each ribbon represents the average relative abundance of a given clade in each set of treatments, where purple 
ribbons are associated with the woody columns and green with the alfalfa columns. Asterisks indicate where there are significant 
differences between the average relative abundances of a given clade associated with these substrate groupings (Figure A.2 and A.3). 
The outer and inner rings indicate the average relative (within core) and average absolute percent abundance, respectively. 
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2.3.6 Metabolic Insights from Ecological Profiling 

Commonly occurring organisms that appear in all assemblages associated with a 

particular habitat are likely critical to the overall function of that community35,64. The fact that 

the core microbiome was limited to comparatively few clades, comprising the majority of the 

total community, enables inference not as readily achieved in more diverse systems. These 

woodchip columns in conjunction with the transitional column containing 10% alfalfa allude to 

the interpretation that SRB abundance does not necessarily dictate performance and points to 

limitations of direct queries into the SRB community or enumeration33,47.  The core microbiome, 

with its focus on the conserved architecture of microbial communities, presents a manageable 

number of bacteria clades to establish putative metabolic inferences from ecological trends in 

this comparatively controlled experiment (Figure 2.5). These approaches provided insights into 

pivotal microbial guilds that could sustain the sulfate reducing bacteria as keystone species but 

are not easily profiled using more targeted functional gene analyses.   

Core microbiomes of all columns were superficially similar with Dysgonomonas, a 

putative cellulose degrader65, being the most abundant genus, and Desulfosporosinus the most 

abundant sulfate reducing organism. Dysgonomonas has been identified as an abundant genus in 

several fermentatively-driven sulfate reducing systems66,67 and shown to degrade cellobiose to 

glucose68,69. The average relative abundance of Dysgonomonas (36 ±4% versus 21 ±3%) and 

Azospira (22 ±2% versus 11 ±4%) were significantly greater in woodchip than in alfalfa columns 

respectively; in contrast Clostridium exhibited no significant difference between treatments 

(Figs. A.2 and A.3). Azospira has been shown to reduce nitrogen using lactate as electron 

donor61, potentially creating competition for favorable electron donors. Enrichment of 
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Bradyrhizobiaceae, a known nitrogen fixer70, in woodchip columns agrees with lower nitrogen 

availability in those systems.  

Further differences in the core microbiome were identified where Ruminococcus and 

Vagococcus were present at higher relative abundances in woodchip/sawdust columns whereas 

Treponema and Weissella were more abundant in alfalfa columns. This is consistent with the 

finding from the canonical correspondence analysis and correlation coefficients (Fig. 2.3 & 

Tables A.4A&B) where these less abundant core genera appear to have a marked influence upon 

or in response to system variables. Treponema is commonly associated with primary 

fermentation of cellulose and cellobiose71,72. Ruminococcus is frequently linked to cellulose and 

cellobiose fermentation to end products including acetate and succinate73,74. Thus, 

Ruminococcus’ putative function in our reactors was that of primary degradation of cellulose, as 

well as fermentation of less complex sugars such as glucose and the hemicellulose xylan (Fig. 

2.5). 

Abundant fermentative organisms (i.e. Ruminococcus and Dysgonomonas) as well as 

lactic acid producing bacteria (i.e. Weissella and Treponema) are the scaffolding upon which 

sulfate reducers (Desulfosporosinus) and potential competitors (Azospira) influence performance 

in our fermentatively-driven sulfate reducing systems. Interestingly, although the cellulose 

hydrolysis capacity within Treponema is variable71,72,75, members of this genus have previously 

been shown to significantly increase cellulose degradation when grown in co-culture with 

Ruminococcus and cellulolytic Clostridium71,76. However in these SRBRs, Treponema was 

negatively correlated with both Ruminococcus and Clostridium abundance (Tables A.4A&B).   

In addition, Treponema and Anaerolinea77 has been directly linked to xylan hydrolysis78.  
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Figure 2.5 Putative metabolic flowchart of select core microorganisms; clades in green are 
correlated with alfalfa and, in turn, robust zinc removal, while clades in purple are correlated 
with the presence of woodchips and poorer performance. Subscripts denote literature references 
to assigned metabolic function as listed in Additional References A.1. 
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While the limited microbial diversity of our pilot-scale columns and the ability to 

quantify genera that have been successfully cultured in laboratories enabled these insights, 

putative functional assignments for other core microbial clades proved elusive. For instance, it is 

likely that other members of the Clostridiaceae and Lachnospiraceae families are important for 

fermentative processes or cellulose-degradation79,80. However, the considerable functional 

diversity within these families makes it difficult to interpret whether they are specifically 

cellulolytic in these columns. Similarly, the presence of Xanthomonadaceae and the considerable 

abundance of Catabacteriaceae in alfalfa-columns (Fig. A.2; Fig. 2.4; and Fig. A.3) are cryptic. 

Although potentially capable of fermenting xylose81 there is currently only one species described 

within the Catabacteriaceae family and its phylogenetic grouping was recently questioned82.  

2.4 Environmental Implications 

Microbial analyses within these experimentally controlled reactors moves us toward a 

more holistic understanding of passive treatment processes, ecological pressures, and feedbacks 

for anaerobic respiration. Ultimately exploring relationships between operational parameters and 

core organisms resulted in a more satisfying outcome from a mechanistic perspective than 

focusing on the quantification of sulfate reduction potential through phylogenetic or functional 

gene density. This approach also highlights advantages of employing high-resolution microbial 

ecology profiling as a complimentary tool for better understanding black box microbial processes 

in engineering applications; particularly those of limited diversity such as these passive mine-

water treatment systems.  

The results of this work suggest that a broad ecological inquiry coupled to insights from 

putative microbial processes populated in the literature base provide a more holistic 
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representation of potential competitive and syntrophic relationships not captured by classic 

enumeration. This coupled with field utilization and the ability to recreate processes in the 

laboratory suggest that SRBRs are an excellent candidate system for exploring community 

dynamics and future metagenomic inquiries into these and other lignocellulose-based fermentive 

systems. Such inquiry could further our understanding of these types of syntrophic interactions 

and perhaps be focused to distill effective and directed molecular tools for monitoring and 

design. Beyond its importance in the sustainable and large-scale mitigation of MIW, approaching 

inquiry into SRBRs in this fashion could bring further insight into biofuel studies60, wastewater 

treatment83, and natural systems84.    
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CHAPTER 3 

SPATIAL EFFECTS OF INORGANIC LIGAND AVAILABILITY AND LOCALIZED 

MICROBIAL COMMUNITY STRUCTURE ON MITIGATION OF MINING     

INFLUENCED WATER IN SULFATE-REDUCING BIOREACTORS 

A manuscript submitted to Water Research. 

 3.1 Introduction 

The release of mining influenced waters (MIW) from current and legacy mining 

operations presents challenges toward human health and wellbeing, the ecology of receiving 

waters, and economic prosperity 85. Alarmingly, remediation costs are estimated at $35 billion 

for the approximately 500,000 orphaned and abandoned mines present throughout the United 

States with similar challenges globally 9. Mitigation strategies need to be designed and managed 

for these non-operational sites that potentially generate MIW for extended timeframes while 

taking into consideration  costs associated with  sites where economically responsible parties 

may not be identified 86. To this end, passive sulfate-reducing bioreactors (SRBRs) are a 

promising mitigation strategy for remote, orphaned sites as a low maintenance and long-term 

means to ameliorate metal toxicity. In addition to their industrial applications, these systems 

provide an environmentally-relevant operational venue to investigate dynamic metal 

precipitation in association with anoxic microbial respiratory processes under reducing 

conditions.  

Lignocellulose-based SRBRs have been investigated previously with respect to 

performance and water chemistry33; however, spatial biogeochemical patterns in these 

engineered systems and their relevance to design and operation potentially limit their longevity, 
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cost, and broader implementation. Abiotic factors that can affect metal immobilization in SRBRs 

include pH, dissolved oxygen, temperature, carbon release and bioavailability, and MIW 

composition 87. In addition to water chemistry parameters, it has been shown that the 

recalcitrance of solid-phase organic substrates is a strong selective driver of resident microbial 

communities 88.  In these systems, metal sulfide precipitation results from syntrophic 

relationships between fermentative organisms and sulfate-reducing bacteria (SRB). The former 

mediate the process of anoxic cellulose and lignin degradation to simple organic molecules, such 

as lactate, which in turn are oxidized by the SRB 88,89. 

In unmanaged terrestrial environments, microbial community structure has been shown to 

exhibit increasing dissimilarity with physical distances measured in meters suggesting locally 

interrelated microbial biogeography65. Similarly, micro-scale functional stratification in biofilms 

has been demonstrated by  municipal wastewater treatment reactors  38Almstrand et al., 2014;91 

to identify physiological and functional differences of phylogentically similar guilds. However, 

there has been comparatively little research done on spatial biogeochemical patterns in SRBRs. 

After oxygen is consumed (Fig.1.2) redox stratification in SRBRs, as with analogous reducing 

systems, is strongly influenced by the terminal electron accepting process (TEAP). When a 

single electron acceptor is in excess, such as sulfate, in combination with an abundance of 

spatially homogenous electron donors through the fermentative release of species such as lactate 

from plant detritus, the system is not poised for vertical redox stratification 88,92.  Under these 

conditions prevailing binding hierarchies and the availability of aqueous metals to organic and 

inorganic ligands may have a greater bearing on spatial and temporal metal(loid) precipitation 

than localized bacterial community structure.  
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A conceptual model for zinc immobilization in these SRBRs is presented in Figure 1.2. 

The initiation of zinc and sulfate removal due to ZnCO3 and CaSO4 precipitation, as a result of 

limestone dissolution, could occur in shallow regions of the SRBR and/or early in operation 

followed by further zinc removal at the onset of biogenic sulfide production (see solid purple line 

in Figure 1.2). Furthermore the maturation of substrate is predicted to coincide with increased 

evolution of biogenic sulfide and consequently complete zinc removal. The work presented 

herein builds upon these hypotheses by  presenting a scenario in which determinant electron 

acceptors and donors supporting microbial respiration, in this case sulfate and organic carbon, 

are not spatially limiting as would be more typically observed in organic-rich aquifer sediments 

93. Furthermore, sulfate is often much higher in MIW than in aquifer sediments and therefore less 

likely to become exhausted 94. Within our designed SRBR, organic substrates comprised of 

varying ratios of woodchips, alfalfa, and sawdust are fermented to fatty acids such as lactate and 

acetate over large spatial regions within the vertical bioreactor system 89. Spatial metal 

precipitation patterns are likely driven by inorganic ligand availability as evenly distributed 

organic substrates (electron donors and acceptors) and sulfate (electron acceptor) do not poise for 

spatial community stratification.   

The present study adds to biogeochemical insights in SRBRs by contrasting solid-phase 

carbon sources and degradability as a variable to investigate the spatial progression of abiotic 

precipitate formation and microbially-mediated sulfide evolution to develop indicators of these 

processes. To our knowledge, this is the first SRBR study addressing geochemical stratification 

as it relates to spatial microbial colonization. Within this framework, we hypothesized that 

SRBRs with a spatially homogeneous microbial community would, assuming optimal loading 

conditions, yield similarly homogeneous metal-sulfide precipitation. This was tested by 
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comparing spatial precipitation in systems containing organic substrate of variable recalcitrance 

to whole community structure, diversity, and phylogeny. This study aims to illuminate spatial 

and temporal feedback of precipitate formation in response to substrate selection, where the 

community structure is comparatively static due to substrate availability, in order to better inform 

how design and operational parameters can be optimized for passive SRBRs.  

3.2. Methods 

Digest methods and SEM EDX analyses are detailed herein as well as spatial microbial 

statistical details.  

3.2.1. Column Array 

pecifics of column construction, inoculation, flow regimes, sampling, and mass loading 

are detailed in a previous study88, which investigated syntrophic microbial associations in these 

columns as a function of substrate variables.  In brief, the array consisted of seven 20 L down-

flow lignocelluloses-based sulfate-reducing PVC columns (132 cm by 15.25 cm ID) with liquid 

and solid sampling ports proximal to the upper (30.5 cm from the top), middle (71 cm), and 

lower (106 cm) regions of the columns. Columns contained varying permutations of alfalfa hay, 

sawdust, and woodchips, denoted as follows: WSA (50% woodchips, 10% sawdust, and 10% 

alfalfa hay), SA (35% sawdust and 35% alfalfa hay), WA (35% woodchips and 35% alfalfa), A 

(70% alfalfa hay), WS (35% woodchips and 35% sawdust), S (70% sawdust), and W (70% 

woodchips).  A constant percentage of limestone (30% w/w) was homogeneously mixed 

throughout all reactors. Columns were operated for more than 500 days with an initial detection 

of sulfide at day 150, in columns A and SA,  which equated to approximately 3 pore volumes 88. 

Liquid samples were collected from the upper, middle, and lower ports, adjacent to the solid 
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ports, shortly after this initial detection of sulfide in the effluent to determine regions of 

enhanced zinc removal. Effluent continued to be sampled at approximately weekly intervals for 

the duration of the experiment 88. Subsequent sampling campaigns on days 345 and 494 involved 

collection of solid substrate and liquid collection from these spatially defined ports.  

3.2.2. Chemical analysis of liquid and solid-phase samples 

To determine the metal composition of the liquid phase in the column, 10 mL aqueous 

samples were collected from each sampling port of each column, from the upper region 

downward, on days 107, 345, and 494 of operation. Reported zinc removal rates between 

sampling ports was calculated by subtracting the zinc concentration at a given port from the zinc 

concentration at the port immediately above, multiplying by flow rate. In the case of the upper 

region, zinc concentrations were subtracted from the influent concentration. Negative values 

indicate a net release of zinc as quantified by effluent concentrations higher than influent. 

Aqueous sampling was conducted immediately prior to retrieval of solid samples to minimize 

potential disruptions such as particulate suspension caused by the substrate sampling process. 

Aqueous samples were acidified (final pH < 2) with concentrated (70%) reagent grade nitric acid 

on site, and filtered within 48 hours of collection. Metal concentrations were measured using 

inductively coupled plasma atomic emission spectroscopy (ICP-AES).  

To query immobilized metal associations, one-gram (dry weight) aliquots of column 

substrate (collected on day 494) from each sampling port were dried anoxically in an anaerobic 

chamber containing 95%:5% N2:H2. A sequential extraction procedure 95 was modified in order 

to distinguish between the adsorbed/exchangeable/carbonate (AEC) fraction and the sulfide-

bound (SB) fraction of metals. Where previously the absorbed/exchangeable/carbonate bound 



41 
 

metals were individually assessed, here these all these fractions were considered as one unit that 

represented a weaker precipitate pool than SB metals. In brief this protocol modification 

included using 20 ml rather than 10 mL of 1M CH3COONa (pH 5.0) and rinsing with 10 mL of 

de-ionized water rather than the prescribed 5 mL for extraction of AEC fractions. SB extraction 

was performed as presented previously in 95 using 750 mg KClO3 and 5 mL of 12M HCl and a 

90ºC HNO3 bath. 

3.2.3 Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy  

In order to obtain micrographs of representative precipitates, anoxically dried sampled 

were sputtered with gold (Hummer IV Sputtering system) and examined with a JEOL JSM-700F 

Field-Emission SEM with a Schottky type field-emission gun for an electron source. Anoxically 

dried, archived samples were also subjected to electron microscopy and elemental analysis 

employing a Hitachi TM 1000 SEM (Hitachi Ltd., Tokyo, Japan) system equipped with a 

Quantax 50 EDX system. Samples were distributed onto adhesive carbon tape and EDX spectra 

were acquired at randomly selected positions following standard procedures for biovolume 

fraction quantification as adapted from digital image analysis in microbial ecology  38. Running 

averages (n=30) were calculated for the normalized atomic mass percent of zinc, sulfur, and 

calcium (Figs. B.1 A&B) (specific mineralogy could not be determined by this method). 

Elements other than zinc, calcium, and sulfur (i.e. carbon and oxygen) were not included in the 

analysis. Analysis of the WS lower sample from day 494 was not performed due to loss of 

substrate in the SEM vacuum.   

 



42 
 

3.2.4 Bioinformatics and Statistical Analyses  

Column sampling, nucleic acid extraction, and sequence analysis for SRB columns have 

been described previously 88. In brief, phenol-chloroform DNA extraction was adapted from a 

previous study43. Sequence analysis was performed using Quantitative Insights Into Microbial 

Ecology (QIIME) version 1.8.0 and sequences were aligned to the Greengenes reference 

sequence using PyNAST 44. To determine if community structure differed spatially within and 

between substrates the ANOSIM (ANalysis Of SIMilarity) test 96 (compare_categories.py) 

generated R test statistics and p-values from 999 permutations of bootstrapped sequences. 

Shannon and Chao1 indices were calculated, after rarefying to 6,300 sequences, to quantify 

spatial and zinc-associated removal trends in evenness and richness respectively. After 

rarefaction, samples A—upper region, WS—middle, WA—middle, SA—upper and lower 

regions were omitted for diversity indices calculations as they had less than 6,300 sequences. 

Significance was assigned for p-values less than or equal to 0.05. Sequences have been submitted 

to MGRAST under ID 4629386.3. 

3.3 Results & Discussion   

The results of the spatial geomicrobial aspects of these pilot scale systems are 

characterized by precipitation variability and whole community homogeneity.  

3.3.1 Aqueous Removal 

Diverse metal precipitates with various stabilities have been shown to form in  SRBRs 

including carbonates, (oxy)hydroxides, sulfides, and adsorption to organic matter 16,33. To query 

zinc removal patterns, implications for stability, and formation mechanisms for resultant 

precipitates, aqueous zinc removal measurements were spatially differentiated by sampling the 
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upper, middle, and lower ports of these columns in conjunction with analysis of the solid-phase 

substrate harvested from adjacent ports. Analyzing liquids and solids in concert facilitated a 

detailed and mechanistic zoned comparison of zinc removal and precipitation over time between 

labile and recalcitrant carbon sources. Similarities identified previously 88 rationalized the 

grouping of columns for statistical trends based on overall performance, where those with >10% 

alfalfa (SA/WA/A) were designated as containing a more labile solid-phase organic substrate. 

This was contrasted with those containing comparatively recalcitrant ligneous materials 

(WS/S/W).  

The zinc concentration in the introduced mine water was 151 ±7 mg/L over the course of 

the 494 day experiment. After 107 days (Table 3.1), zinc removal in columns SA/WA/A and 

WS/S/W were not significantly different (44 ±5 and 44 ±7 mg/d respectively). This modest, but 

measurable removal as explored later in the manuscript could in part be attributed to the 

ephemeral formation of ZnCO3 that would primarily form independently of biological activity 

during limestone dissolution 40. By 345 days of operation, the labile and recalcitrant carbon 

sources had clearly diverged with respect to aqueous zinc removal. Columns containing greater 

than 10% alfalfa (SA/WA/A) removed 133±0.7 mg/d (>90%) of influent zinc compared to a 

minimal 3.7±1.7 mg/d (~2.5%) in ligneous columns (WS/S/W). The decrease in zinc removal in 

the ligneous columns could be the result of limestone scaling which would limit the surface 

activity of the limestone 18,19 (Fig. 1.2). Over the subsequent 149 days, zinc removal became 

more pronounced in columns WS/S/W but not to the same extent as was observed in columns 

SA/WA/A.  

Regardless of substrate, zinc removal initiated in the upper to middle reaches of the down 

flow reactors (Table 3.1). While our temporal resolution limits interpretation, aqueous removal 
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profiles revealed a downward progression of the zinc removal front in columns with more labile 

substrates. Specifically, the zone of most pronounced zinc removal in columns SA/WA/A 

migrated from the upper region at 345 days to middle and lower reaches of the columns after 494 

days. This transition was likely the result of increased sulfide evolution between time points 88. 

That is, initial removal may be predominately attributable to abiotic ZnCO3 formation whereas 

after 345 days there was prodigious biogenic sulfide evolution facilitating removal as zinc-

sulfide. At this point, columns SA/WA/A removed comparatively little zinc (10, 1, &1 mg/d 

respectively) in the lower regions at 345 days presumably due to depletion of aqueous zinc. This 

depletion suggests that columns SA/WA/A could have managed mitigation at a higher zinc-

loading rate. After 494 days zinc removal migrated downward toward the middle and lower 

regions of the columns (Table 3.1).  Interestingly, the upper regions of columns WA and A 

appeared to be releasing zinc (-41 and -112 mg/d respectively) (Table 3.1), which could result 

from dissolution of less stable precipitates such as zinc carbonates 40 or potential perturbations 

associated with sampling.  

Apart from the difference in overall performance, zinc removal fronts associated with 

labile and recalcitrant organic substrates also exhibited different migration patterns. Zinc 

removal in columns WS/S/W was limited throughout the experiment. After 494 days there was 

some moderate zinc removal initiating in the upper regions of these columns (Table 3.1) that 

mimicked the more active zones at earlier time points in alfalfa containing columns. The nature 

of these precipitates is explored later in this paper. However, contrary to what was observed in 

labile SRBRs, columns WS/S/W exhibited no perceptible migration of aqueous zinc removal in 

494 days. Column WSA bridged the labile and recalcitrant column subsets in terms of 

performance and substrate composition. This transitional column, which contained 10% alfalfa, 
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exhibited limited zinc removal after 345 days when other higher alfalfa-content columns were 

removing >90% of introduced zinc (Table 3.1). However, 494 days into the experiment, WSA 

underwent a performance transition corresponding to >90% zinc removal that initiated in the 

upper region of WSA (Table 3.1). This reflected the regional trend of increased performance 

initially observed in the upper reaches of the other columns.  

 

Table 3.1. Aqueous zinc removal (mg/day) for the indicated reactive volume after 107, 345 and 
494 days of operation of substrate permutation columns. Darker green indicates regions of 
enhanced removal and yellow indicates regions of less removal.  
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3.3.2 Precipitate Formation Mechanisms 

Aqueous measurements represent selected snapshots over a 494 day operational period 

and provide insights into spatial processes but are limited in their ability to confirm mechanisms 

of immobilization. To investigate the stability and precipitate form (i.e. sulfide vs. carbonate 

precipitates) we queried specific precipitation mechanisms through sequential extractions. The 

extractions were conducted on sacrificial substrates harvested at the end of the experiment, thus 

representing a culmination of processes over the course of 494 days of column operation. 

Considering the limestone content of these systems and prior modeling results discussed in the 

prior section, it is possible that some of the immobilization behavior could be explained by the 

abiotic precipitation of zinc carbonates brought about by increased carbonate concentration 

resulting from the dissolution of limestone (Fig 1.2).  In addition to different mechanisms of 

immobilization, carbonate-bound precipitates have different stabilities and therefore implications 

for re-mobilization when contrasted with sulfide-bound forms 97. The extraction digests provided 

differentiation between precipitates and revealed spatial trends corresponding to the efficacy of 

the columns.  

Sulfide-bound (SB) zinc resulting as a product of microbial sulfate reduction varied 

significantly between treatments. Solid-phase substrates harvested from SA/WA/A columns had 

significantly more SB zinc (70 ± 38 mg/g of substrate) than substrates harvested in WS/S/W 

columns (7 ± 4 mg/g of substrate) at all depths (Table B.1). In contrast, all columns had similar 

quantities of adsorbed/exchangeable/carbonate (AEC)-bound zinc (7.7±8.7 and 6.4±3.3 mg/g 

respectively for SA/WA/A and WS/S/W respectively) with no discernible depth trend. The 

similarity can be explained by the homogenous mixing of limestone throughout all of the solid 

phase matrices as a pH buffering and alkalinity agent. Overall, the mineral form suggested by the 
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sequential extraction results were generally in agreement with insights into spatial aqueous zinc 

removal (Table 3.1) for columns SA/WA/A, revealing that the majority of immobilized zinc was 

found in the upper reaches of the columns as SB zinc. 

Spatial trends in sulfide-bound zinc fractions formed in association with biological 

activity were consistent with aqueous zinc removal results, where the majority of sulfide-bound 

zinc accumulated in the upper reaches of the labile columns (P=0.05, T-test) (Fig 3.2). This 

accumulation of SB zinc in the upper portions of the columns in conjunction with removal data 

(Table 3.1), further supports that  zinc was depleted from the water before reaching the lower 

regions and that the capacity for zinc removal is higher than observed, especially so in the 

columns with the more labile substrates. The higher concentrations of SB zinc (Fig. 3.2) and the 

observed aqueous zinc removal rates in the upper reaches of columns SA/WA/A (Table 3.1) 

indicate that certain zones were actively precipitating SB zinc throughout the experiment and SB 

zinc was continuously accumulating in these regions, accounting for the enrichment in the upper 

portions. While limited to the final time point, the depth profile of SB zinc in columns SA/WA/A 

(Fig. 3.2, Table S3.1) was consistent with the progression of a zinc removal front migrating 

down the columns later in the experiment (Table 3.1). That is, SB zinc had less time to 

accumulate in the middle and lower portions, and was therefore relatively enriched in the upper 

regions.   

The mass of sulfide-bound zinc was positively correlated with the mass of alfalfa 

(P=0.002) and negatively correlated with woodchip mass (Spearman; P=0.0002). Sulfide bound 

zinc was not significantly higher in column WSA than in other recalcitrant columns (Table B.1), 

which could be explained by limited accumulation associated with the comparatively late onset 

of zinc removal (Table 3.1). However, as the geochemical extractions were only performed at the 



48 
 

end of the experiment and significant zinc precipitation was not detected in WSA until the final 

sampling point, it is likely that WSA would accumulate significantly more SB zinc than the more 

recalcitrant columns if the experiment continued past 500 days. Indeed WSA exhibited a similar 

SB trend with depth as other labile columns, just less pronounced in magnitude (Table B.1). This 

suggests that there may be a benefit to employing a combination of labile substrates to catalyze 

early sulfide generation and, complementarily, more recalcitrant carbon sources for sustained 

carbon release.   

 

 

Figure 3.2. Substrate digests reveal a pronounced depth profile for sulfide-bound zinc in columns 
SA/WA/A, an analogous pattern was not observed  for WS/S/W columns.  

 

3.3.3 Elemental Associations and Visual Analysis of Precipitates  

To further inform the mechanisms and fate of zinc immobilization, solid-phase substrates 

harvested from different depths during column operation were visualized on a field emission 
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scanning electron microscope (FESEM) and analyzed for elemental associations using 

comparative energy dispersive X-ray spectroscopy (EDX) analysis. Visualization of 

representative precipitates by FESEM revealed an abundance of spherical zinc-containing 

granules in columns SA/WA/A, that were visually analogous to biogenic sphalerite  (ZnS) 

deposits from SRB-dominated biofilms 98, (Fig. 3.3A). These sphalerite-like precipitates were 

distinct from those observed in substrates harvested from columns WS/S/W where Zn-containing 

precipitates eluded our visual analysis. Rather, these columns contained a stronger presence of 

precipitates where calcium was associated with sulfur and were visually consistent with CaSO4 

(gypsum) morphology 99 (Fig. 3.3B).  

 

 

Figure 3.3 Contrast of representative precipitates in columns with high alfalfa content versus 
those without.  Scanning electron micrographs at 5000x of (A) sphalerite-like precipitates in 
association with alfalfa-like organic substrate in columns SA; and (B) gypsum-like precipitates 
in association with woodchips within column W.  

 

Quantification of associations between immobilized zinc, sulfur, and calcium was 

achieved through randomly collecting 30 spectra from each harvested sample and calculating a 
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running average of the atomic mass percent of the elements of interest (Fig. B.1 A&B). To focus 

this analysis on relative associations and remove interferences present from the organic 

substrates, atomic mass percents of the three elements were normalized to 100% followed by 

graphical interpretation of trends and associations using ternary plots (Fig 3.4 A-C) and relative 

proportions on bar charts (Fig. B.2). The employed EDX was sensitive to the general character 

and evolution of precipitates in each column; however, limitations included an inability to 

determine specific mineralogy from the elemental composition or differentiate between organic 

and inorganic carbon. As a result, we were unable to directly explore or distinguish elemental 

associations with carbonate such as the ZnCO3 precipitates inferred from our modeling and 

extractions 40 and FESEM (Fig. 3.3B).  The low mass percent of these precipitates relative to 

substrate further limited our ability to employ X-ray diffraction to determine definitive 

mineralogy. However, support for our interpretation comes from a suite of synchrotron-based 

analyses that were used to confirm the presence of gypsum (CaSO4), amorphous zinc-sulfide, 

and crystalline sphalerite in material derived from analogous lab-scale SRBRs investigating 

inoculum effects (Chapter 4).    

Consistent with efficient aqueous zinc removal (Table 3.1) and significant SB zinc 

formation (Figs. 3.2 and 3.3), with few exceptions, samples collected from columns containing 

high alfalfa content exhibited higher relative proportions of zinc than woody columns at 345 

days (Fig. 3.4A & C, Fig. B.2, and Table B.2). Spatial precipitation evolved over the next 149 

days, where the zinc-sulfide immobilization front migrated down in columns SA/A/WA so that 

zinc and sulfur ratios were generally similar across depths within the columns suggesting that 

sulfide precipitation was the primary immobilization mechanism throughout these systems (Fig 

3.4C, Fig. B.2, and Table B.2). While these ratios began to converge, digests revealed that the 
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majority of the SB zinc mass was associated with the upper reactive material of these columns  

Figure 3.2. The preferential accumulation of SB zinc within the upper reactive volume is to be 

expected in a scenario where introduced zinc was depleted prior to reaching the lower portions of 

these columns (Table 3.1). Furthermore, at the neutral pHs encountered within these systems, 

nearly one half of the biogenically produced sulfide would exist as gaseous H2S and presumably 

propagate upward within the reactor 100.  

While the aqueous zinc removal (Table 3.1) and insights from our different solid-phase 

analyses were congruent with respect to overarching trends, specific discrepancies can be 

attributed to the snapshot nature of the liquid analysis as opposed to the accumulative nature of 

precipitation observed in extraction results and SEM-EDX observations. This is apparent in 

columns SA/WA/A, but especially so in column SA where aqueous data  (Table 3.1) revealed 

enhanced removal in the upper portion at 345 days with a transition to more removal in the 

middle and lower regions by 494 days. 

Woody-based column zinc-precipitation patterns were distinct from the quick initiation 

and downward progression observed in alfalfa columns, and characterized by late onset of zinc 

removal and an initiation of relatively high zinc deposition in the lower reaches of the columns 

that migrated upwards between time points (Fig. 3.4A). This is explained by woodchips lacking 

the surface area and bioavailability of alfalfa and sawdust in combination with overcoming an 

initial inhibitory affect of antimicrobial terpenes present in pinewood 51.  Observations from 345 

days, revealed more Ca-S type precipitates (presumably calcium sulfate) in the tops of these 

columns, and limited instances of Zn-S type precipitates in the middle and lower reaches (Fig. 

3.4, Fig. B.2 and Table B.2).  The elemental deposition in WS/S/W evolved over the  
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Figure 3.4 A-C. Ternary diagrams of normalized average atomic mass percents for zinc, sulfur, 
and calcium in recalcitrant columns (A), transition column (B), and labile columns (C). Running 
averages and 95% confidence intervals are provided in Table B.1.  

 

subsequent ½ year, where after 494 days the proportion of Zn-S in the upper regions of the 

columns increased; however zinc and sulfur were still relatively higher in the lower portion of 

the columns (Fig. 3.4, Fig. B.2 and Table B.2).  That is, these more recalcitrant columns 

exhibited a contrary spatial elemental deposition evolution when compared to their labile 

counterparts, where instead of a top-down migration of zinc precipitation, there was a bottom-up 
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migration of relative zinc and sulfur deposition. This late onset of zinc deposition aligns with the 

lack of a significant spatial trend for SB zinc in columns WS/S/W (Fig. 3.2). The lack of SB zinc 

(Table B.1) and limited Zn-S associations in the upper reactive volumes of columns WS/S/W 

after 345 days (Fig. 3.4C, and Fig. B.2), indicates that aqueous zinc removal observed early in 

the experiment (Table 3.1) was attributable to alternative removal mechanisms such as ZnCO3 

formation 40. After 494 days the recalcitrant carbon columns reflected similar initial elemental 

associations observed in alfalfa-based columns after 345 days suggesting a lag associated with 

the bioavailability of substrate 88.  

The performance transition observed in column WSA (Table 3.1) was especially apparent 

in the SEM-EDX data (Fig. 3.4B). Similar to other woody columns, zinc-sulfur association in 

column WSA appeared more pronounced in the lower portion of the column. This is not 

consistent with removal and digest data, which suggest removal (Table 3.1) and precipitation 

(Table B.1) initiated in the upper part of WSA similar to the higher percent content alfalfa 

systems. Elemental associations were starkly different over the 150-day evolution between time 

points. While the upper and middle portions of column WSA revealed a strong Ca-S signature at 

345 days, with the lower portion exhibiting a stronger Zn-S signature, 149 days later all depths 

were decidedly Zn-S dominated (Fig. 3.4B). Given the experiment continued past 500 days 

further zinc and sulfur would have time to accumulate in the lower regions and, WSA would 

have a higher mass of SB zinc in the middle and lower regions.  Furthermore, column WSA’s 

performance transition initiated in the lower reactive volume, this is congruent to observations 

made for WS/S/W where zinc and sulfur deposition also begins in the middle and lower reactive 

volumes (Fig. 3.4A). It is difficult to attribute the transition from primarily Ca-S deposition to 
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Zn-S deposition to a single factor, but maturation of the recalcitrant fraction of the reactive 

substrate is a likely explanation 88. 

Interestingly, given depth and time, the reactors containing recalcitrant carbon sources 

began to exhibit similar elemental deposition as reactors containing labile carbon sources (Table 

3.1, Fig. 3.4, Fig. B.2, and Table B.2), albeit at a much lower rate of accumulation.  Therefore, 

given an extended operational period, the more recalcitrant systems may progress towards 

performance observed in labile systems. In this scenario, zinc-sulfur deposition initiating within 

the lower reaches of the recalcitrant reactors may propagate upward given multiple years of 

operation, and loading could be optimized such that the whole system actively precipitates zinc. 

The determination of removal rates and precipitate characterization are seminal to monitoring 

performance and optimizing loading rates. The establishment of zinc removal in the upper 

reaches of columns containing more labile carbon sources suggests that loading could be 

increased for enhanced removal efficiency. Furthermore, temporal trends suggest that a blend of 

organic substrate recalcitrance could effectively extend the operational effectiveness of these 

columns by delaying a downward migration of the zinc-sulfide front. From an engineering 

perspective, in reactors such as these that are not carbon or sulfate limited, the solid phase 

organic matrix is a stronger selective driver than depth, and in turn determinative of performance 

and appropriate residence times for optimal removal.  

3.3.4 Ecological Distribution of Bacteria 

Prior investigation of lignocellulosic SRBR communities demonstrated that solid-phase 

substrates impart ecological variations in symbiotic bacterial associations with fermentation and 

the subsequent consumption of released fatty acids. To query for potential depth-driven 

ecological trends in association with zinc immobilization, we first investigated broader trends in 
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community structure for alfalfa rich systems versus those devoid of this substrate.  With respect 

to overall microbial diversity, columns SA/WA/A and WS/S/W yielded similar Shannon and 

Chao1 estimates at both time points (Table B.4). Importantly, neither Chao1 nor Shannon 

trended with depth (Table B.4) or rates of mass zinc removal (R2=0.003 and 0.009 respectively). 

ANalysis Of SIMilarity (ANOSIM) 96 tests revealed that neither of the communities in 

SA/WA/A (R=-0.04; p-value=0.01) nor WS/S/W (R=-0.2; p-value=0.01) varied with depth. 

While negative ANOSIM R values such as these have previously been ignored as sampling error 

101, it is also suggested that negative R values imply non-independent samples 96. Broader 

ecological inquiry into analogous regimes including leaf degradation, intestine microbiology, and 

wastewater treatment has revealed that exploration of the source of bacterial diversity can  

reconcile how analogous biogeochemical systems vary spatially and temporally, while harboring 

a homogenous microbial community 102.  

SRBRs are known to develop microbial biofilms 103 that may act as a source of bacterial 

colonization in connected regions 104. Homogeneously distributed biofilms in conjunction with a 

constant release of electron donors from the lignocelluloses-based substrates and excess of 

sulfate helps to explain the lack of spatial community heterogeneity at the pilot-scale addressed 

here. The biogeochemical regime at the top of a down-flow system can influence the deeper 

reaches, elucidating the source of vertical non-independence in microbial communities, as 

indicated by negative R2 ANOSIM values. Similarly, the overall community structure did not 

vary temporally within each column when contrasting harvested materials between 345 and 494 

days of operation revealing a stable, resilient community  regardless of flow shifts, metal loading 

regimes and a subsequent inoculation event 88.  
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Despite the lack of spatial whole community variability or trends in diversity indices, 

further insights from phylogenetic analysis could be found when focusing on the phyla 

Firmicutes and Bacteroidetes and taxonomic tiers within (Fig 3.5), which collectively accounted 

for 62 ±4% of the total bacterial populations. Spatial trends revealed increasing ratios of 

Firmicutes to Bacteroidetes in zones of active zinc immobilization independent of substrate. For 

example, the relative abundance ratio of Firmicutes to Bacteroidetes increased with depth within 

columns WS/S/W (R2=0.9). This was reflected in an increase in the relative abundance of 

Ruminococcus sp. (Firmicutes) and a decrease in Dysgonomonas sp. (Bacteroidetes) (Fig. 3.5). 

Firmicutes and Bacteroidetes are phyla with diverse functions attributed as indicator clades in 

both human gut microbiota 105 and in anaerobic digesters 106. Regardless of  time, depth, or 

substrate the phylum Bacteroidetes was almost entirely comprised of Dysgonomonas sp. with 

modest contributions from Bacteroidales sp. (<<1%). In contrast, Firmicutes was a much richer 

phylum with representatives from several clades and therefore subjected to further scrutiny. 

These microorganisms have been previously identified in mining biofilms and sulfate-reducing 

systems respectively 107,108. The enrichment of Firmicutes in the deeper reaches of columns 

WS/S/W (Fig. 3.5) coincided with an initiation of zinc-sulfur deposition in these regions (Fig. 

3.4A and Table B.1). From a monitoring standpoint, an increase in the ratio of Firmicutes to 

Bacteroidetes in SRBRs may indicate the onset of metal removal in an SRBR when whole 

community profiles and diversity indices provide limited insight.   

An inverse depth trend was observed in columns containing >10% alfalfa hay 

(SA/WA/A) where the average relative abundance ratio of Firmicutes to Bacteroidetes decreased 

from top to bottom (t-test; p <0.01) (Table 3.1). Importantly, there was a significant positive 

correlation between the mass of SB zinc and the ratio of the relative abundance of Firmicutes to 
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Bacteroidetes (Spearman; R2=0.6 P=0.005) across all columns (Fig. 3.6). While accounting for a 

modest fraction of the overall Firmicutes community, the average relative abundance of 

Desulfosporosinus sp., a putative SRB 58, was significantly greater in alfalfa then woodchip 

column samples 88. In further support of this genus’ association with zinc removal, the relative 

abundance of Desulfosporosinus sp. decreased from top to bottom in the alfalfa columns (3.2% 

±1.3%, 2.3% ±0.6%, and 1.7% ±0.5%).   

Column WSA, which exhibited a geochemical transition in zinc removal and 

precipitation, between 345 and 494 days (Table 3.1, Fig. 3.4B and Fig. B.4), underwent an 

analogous ecological transition with an increase in Firmicutes (26 ± 7% to 39 ± 24%) and 

decrease in Bacteroidetes (35 ±8% to 28 ±12%) between the two time points (Fig. B.3 & B.4). 

The marked improvement in performance of WSA suggests that the superior performance of 

alfalfa-containing columns was not only due to its more easily degradable and nutritionally 

favorable substrate composition, but also due to the selection of a microbial assemblage that 

could be more advantageous for efficient cellulose degradation with syntrophic contributions to 

sulfate reduction 88. This also substantiates the claim that a combination of labile and weathered 

recalcitrant carbon sources results in better performance. Once the inhibitory affects of 

antimicrobial terpenes associated with woodchips dissipated column WSA exhibited 

performance similar to that observed in labile carbon sources. The fact that WSA had the lowest 

mass of woodchips and therefore less of an inhibitory obstacle to overcome than the other woody 

columns contributes to its observed transition.  
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Figure 3.5. Average relative abundance of tiered clades within Firmicutes and Bacteroidetes 
(Bacteroidales) in labile (SA/WA/A) and recalcitrant (WS/S/W) treatments.  
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Figure 3.6. There is a significant positive correlation between the mass of SB zinc/g of substrate 
and the ratio of Firmicutes to Bacteroidetes.  

 

3.4 Biogeochemical Indicators and Implications 

It is important to note that the spatial homogeneity and controlled flow in a pilot-scale 

column system is not subject to the inherent variability encountered during field implementation. 

Preferential flow paths 16, freeze-thaw cycles 109, and plant colonization (Gusek and Schneider, 

2010) are some of the factors  affecting metal-sulfide precipitation. The one-dimensional nature 

of these reactors limited investigation of microbial spatial variability, especially in a lateral 

sense. However, coring a field SRBR to query for spatial microbiology is challenging 

considering the nature of SRBR substrate, and furthermore such a campaign may prove 
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disruptive to the operation of the reactor and hence premature before exploring constructs such 

as those described within this communication.  

The nature of the anoxic systems studied suggested the potential for redox stratification, 

however methanogenesis was not observed in the lower regions of these columns as sulfate was 

was always present in the effluent (Fig. 1.2). If the precipitation of metal sulfides is biologically 

mediated, and the whole reactor has the same community top to bottom, an efficiently designed 

system has the potential to homogenously precipitate metal sulfides throughout the column. In 

the case of these columns, despite a stable microbial community, metal sulfides were distributed 

differently based on substrate and time.  

SRBRs are intentionally poised to select for substrate-sourced, organoheterotrophically-driven 

sulfate reduction. Metal removal, facilitated by this resilient syntrophy, is manifested differently 

based on recalcitrance of substrate. The importance of organic carbon as a selective driver for 

SRBRs demand further inquiry into the character of the carbon required for robust performance. 

For example, a decrease in the freshness index or in the peak ratio 110 would indicate decreasing 

recalcitrance and lend causality to the conjecture made here that increasing maturity of 

recalcitrant substrates resulted in more bioavailable electron donors (Fig. 1.2). The hypothesis 

that recalcitrant carbon sources require a maturation period before achieving optimal 

performance further corroborates the notion that an optimal efficacy would likely be achieved 

through a mixture of labile and recalcitrant carbon sources to initiate and sustain carbon release 

respectively. Zinc removal, precipitation, and elemental association patterns evolved spatially 

regardless of spatial and temporal homogeneity with respect to community structure and 

diversity. While perturbations have little effect on overall community composition, the relative 

abundance of the phyla Firmicutes and Bacteroidetes exhibited a response to depth. Identifying 
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competitive strategies, in concert with functional -omics analyses may further elucidate observed 

geochemical feedback to ecological regimes.   Metagenomic and metatranscriptomic analysis of 

these systems would further inform this potentially massive source of operational variability 

resulting from functional redundancy, metabolic versatility, and microbial interactions 111.  Lack 

of spatial variation with respect phylogenetic, diversity, or whole community results does not 

preclude spatial functional or metabolic variation.   
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CHAPTER 4 

GEOCHEMICAL EVOLUTION AND PRECIPITATE SPECIATION IN SULFATE-

REDUCING BIOREACTORS TREATING MINING INFLUENCED WATER 

Modified from a manuscript in preparation for publication in Environmental Science and 

Technology 

4.1 Introduction  

Contaminant mobility as affected by chemical and redox speciation has received 

significant attention in various environments, such as mining-impacted wetlands112, rivers113, 

legacy mining sites and tailings,114,115 as well as aquifer sediments116,117 and fluidized bed 

reactors.118 These investigations demonstrate that the speciation of the minerals formed by metal 

precipitation is of considerable importance for understanding precipitate stability and solubility 

that control metal concentrations, mobility and toxicity in affected environments.  

Here, we investigate SRBR geochemical evolution, precipitate characteristics, and biotic 

versus abiotic effects of three inoculum regimes (active-, sterilized- and no inoculum) receiving 

complex MIW for three months. >95% of zinc, nickel, cobalt, and cadmium were immobilized 

predominantly as sulfide precipitates in the active inoculum regime, in contrast to uninoculated 

columns (<24%) where sorption was the primary removal mechanism. Columns containing 

sterilized inoculum removed >97% of cadmium but only ~34% zinc, while nickel and cobalt 

immobilization were on par with uninoculated columns. Synchrotron-based X-ray absorption 

fine structure (XAFS) analysis revealed preferential precipitation of crystalline sphalerite (ZnS) 

under the active inoculum regime. In contrast, a combination of crystalline sphalerite and 

amorphous zinc sulfide was detected in reactors containing sterilized inoculum. We conclude 
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that inoculum imparts multiple biological and geochemical attributes relevant to metal removal, 

and that biotic effects of inoculation included precipitation of the more stable zinc-sulfide 

polymorph when compared to precipitates observed under abiotic- or absence of inoculum 

regimes. 

This chapter will focus on the direct solids analysis achieved through synchrotron 

radiation in lab-scale columns with live, sterilized, and no inoculum. The manuscript in full 

includes additional geochemical modeling, sequential extraction, and qPCR results. These results 

will be referred to when they directly pertain to direct solids observations, but will not be 

exhaustively detailed here. 

4.3 Materials and Methods 

The methods presented in this chapter primarily focus on the column construction, 

sampling, and direct solids analysis.  

4.3.1 Column Design 

Laboratory SRBRs consisted of six upflow (43.2 mL day-1, hydraulic residence time 5.5 

days, operation time 93 days) Chromaflex™ borosilicate glass columns (L:15 cm, ID:4.8 cm, 

V:271 mL,) receiving limestone pre-treated MIW. Pre-treatment (neutralization) of MIW was 

accomplished by running the MIW through two Chromaflex™ upflow (480 mL day-1) 

chromatography glass columns (L:30 cm, ID:4,8 cm, V: 543 mL Kimble-Chase, Rockwood, TN, 

USA) packed with 671 ± 16.6 g of sterilized limestone.  

 Columns were packed with 12.7 g of organic substrate (7.4 and 5.3 g dry-weight of 

weathered barley hay and ground pine chips respectively). In addition, twelve mesh bags 

(2.5*2.5 cm*1.0 cm) each containing 0.25 g of substrate were placed proximal to each other in 

http://www.fishersci.com/ecomm/servlet/fsproductdetail?position=content&tab=Items&productId=803472&fromSearch=0&catlogId=29104&storeId=10652&langId=-1
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the column top for continuous substrate sampling. The organic material was soaked in synthetic 

MIW (SMIW) similar to the composition of the Virginia Canyon (detailed below) subsurface 

capture water (79.4 mg/L Zn, 71.7 mg/L Mn, 107 mg/L Mg, 800 mg/L SO4
2-

, pH 3.4) for 48 

hours before packing. The effect of inoculation with active anaerobic digester granules from a 

digester treating brewery waste was examined using three permutations in duplicate. G 

(Granules) columns contained an additional inoculum of 0.84 g (dry-weight) of homogenized 

active anaerobic digester granules that were soaked in SMIW together with the organic substrate 

before column packing. NG (No Granules) columns were inoculated with organic substrate only. 

SG (Sterilized Granules) columns received sterilized granules and were thereafter processed 

identically to G. After packing, columns were topped off with SMIW. 

4.3.2 Column Influent 

Introduced MIW was collected at 20-day intervals from the Virginia Canyon (VC) 

subsurface capture system outlet in Idaho Springs, CO and the Clear Creek (CC) raw water 

collection system of the Golden, CO water treatment facility (pH 7.2). During an initial 

acclimatization phase, the two MIWs were pretreated in separate limestone columns and then 

mixed at a ratio of 1:1 before feeding the SRBRs. After four SRBR pore volumes, the ratio was 

permanently changed to 1:2 (CC:VC) to avoid sulfate-limiting conditions. 

4.3.3 Column Sampling 

Column influent and effluent water was sampled at least twice per month for sulfate, 

sulfide, DOC and dissolved metals analysis. Each sampled bag was replaced with a triple-

autoclaved counterpart to maintain flow conditions and total substrate mass in the column. After 

93 days of operation, the columns were sacrificed for bulk substrate analysis of the bottom and 

middle regions of the columns in an anaerobic chamber under an 95%:5% N2:H2 atmosphere. 
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0.5-1g (wet weight) of material was collected for synchrotron analysis and allowed to dry 

anaerobically before sample preparation.  Approximately half of the remaining substrate in the 

columns was dried anaerobically for sequential digests while the remainder was stored at -20°C 

prior to DNA extraction for qPCR. 

4.3.4 Synchrotron sample preparation 

Epoxy embedding chambers were constructed from 50mL Falcon tubes that were sliced 

into 2 cm high rings and attached to aluminum foil with vacuum sealant and dried column 

substrate was distributed into each chamber. Epoxy (EPO TEK ® 301-2) was mixed according to 

the manufacturer’s specifications in the anaerobic chamber and mixed with the samples and 

allowed to dry in the anaerobic chamber for 4-6 days. After solidification had occurred the risk 

for re-oxidation of precipitates was eliminated and the samples were removed from the anaerobic 

chamber. The plastic ring was removed with a Hillquist cut-off saw and the remaining epoxy-

embedded sample disc was ground to flush surface with a Hillquist grinder. The flush side of the 

sample disc was mounted on a frosted microscope slide (made in house) with epoxy. The 

mounted sample was allowed to dry for 2-4 days before sectioning and grinding down to 50-80 

um thick discs using a Hillquist Thin-Section Machine, and thereafter polished. 
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Figure 4.1 Representative mounted epoxy puck subjected to synchrotron radiation.  

 

4.3.5 Bulk XAS and microfocused XRF analyses 

Microfocused X-ray fluorescence (-XRF) maps and microfocused X-ray absorption 

spectroscopy (-XAS) spectra were collected on epoxy embedded substrate thin sections (Fig. 

4.1) at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamlines 2-3, 10-2, and 14-3 

at room temperature. Fluorescence detection was achieved using Vortex silicon drift detectors 

(Hitachi) coupled with Xspress3 pulse processing electronics (Quantum Detectors). The incident 

X-ray flux was measured with N2 (BL 10-2 and 2-3) or He (BL 14-3) filled ionization chambers. 

Elemental mapping at BL 2-3 was performed in a continuous scanning mode with 2 um pixels 

and 25 to 50 ms dwell time per pixel using a ca. 2 um diameter beam as obtained by Rh coated 

Kirkpatrick-Baez focusing mirrors. Elemental mapping at BL 10-2 was performed in a 

continuous scanning mode with 100 um pixels and 25 ms dwell time per pixel using a 100 um 

beam obtained from a pinhole aperture. Elemental mapping at BL 14-3 was performed in a 
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continuous scanning mode with 7um pixels and 50ms dwell time using a ca. 5um  beam obtained 

by Cr coated Kirkpatrick-Baez focusing mirrors. The incident energy at all beam lines was 

selected using a Si(111) double crystal monochromator.  The thin sections were placed directly 

in front of the X-ray beam tuned to 9662.0, 9666.8, 9668.4, 9677.0, and 9689.0 keV (spanning 

zinc absorption energies of interest) at BL 2-3, and 2470.7, 2471.1, 2472.6, 2473.7, 2476.2, 

2482.7, 2499.0 keV (spanning sulfur absorption energies of interest at BL 14-3).  The XRF maps 

were analyzed using the Microanalysis Toolkit (version 1.1).119 Multiple energy maps were 

analyzed by first applying a Gaussian blur function to each energy, using a FWHM of the blur of 

0.80 pixels.  This sacrificed some of the spatial resolution for improved signal-noise.  Chemical 

species were determined by performing least squares fitting at each pixel to the series of 

intensities of known reference compounds, as in Mayhew et. al.120  

4.3.6 XAS Analysis 

Zinc and sulfur μ-XAS spectra were collected over extended XANES regions using the 

same beam conditions described in the XRF Map Collection and Analysis section. XAS spectra 

were averaged and analyzed using SIXPACK (version 1.1).121 Background removal of near edge 

(XANES) Zn K-edge spectra were performed by fitting a background linear equation to the pre-

edge region (-200 to -50 eV relative to the edge) and a quadratic equation to the post-edge region 

(50 to 800 eV relative to the edge).  These equations were used to remove background and 

normalize the post-edge to result in a unit step across the Zn K-edge.  For the S K-edge XANES 

data, a linear background was applied from 2460 to ~2468 eV, and a linear post-edge applied 

from 2510 to 2580 eV. 

Principal component analysis (PCA) was applied to the normalized spectra to determine 

the sample spectra that most closely represented end-member species. Where the first component 
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is chosen to be the average of all spectra, and the second component is chosen to in order to 

account for as much of the variability as possible of each individual spectra from the average, 

and so forth for as many spectra as were collected. The PCA results were used as a guide to 

select appropriate standards for linear combination fitting using target transformations on the 

model compound library.  Linear least squares fitting was performed in the near-edge region to 

determine the proportions of each model compound in the measured sample. 

4.4 Results and Discussion 

Direct solids analysis results focus on determining speciation and crystallinity under 

biotic and abiotic inoculum regimes. 

4.4.1 Grain-Scale Precipitate Identification 

Much of the direct solids analysis presented herein focuses on the fate and stability of 

zinc, iron, and sulfur. These elements were present as amorphous and crystalline (sphalerite) 

zinc-sulfides, iron-sulfides, and gypsum (CaSO4). Geochemical modeling predicted gypsum 

precipitation, but did not include mechanisms accounting for co-precipitation or how this 

oversaturation affected metal mobility. Previous work has shown sphalerite and gypsum co-

localized in tailings piles122, where sphalerite is a typical mineral expected from sulfide 

mineralization, and gypsum is a secondary mineral phase resulting from sulfate-rich water 

coming in contact with carbonate material, although little is known regarding the mobility 

implications of such interactions.    

In an effort to further inform the crystallinity, stability and mobility of zinc-sulfide 

minerals is of significant environmental concern. Microfocused X-ray fluorescence (µ-XRF) and 

X-ray absorption spectroscopy (µ-XAS) analysis identified zinc and gypsum associated with 

organic carbon in all columns (Fig. 4.2 and 4.3 A-C). Beyond gypsum, zinc-sulfide precipitation 
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results differed by column. In columns containing inoculum granules, the granule structure 

transitioned from predominately pyrite to largely ZnS in a spatially homogeneous manner over 

the course of the experiment. 

In agreement with sequential digest data (Fig. C.1), XRF maps of samples collected from 

the influent region (bottom) of the G columns exhibited a strong Zn-S spatial correlation 

(R2=0.82) (Fig. 4.5) while the association was less compelling for the column middle (R2=0.63; 

Fig. 4.6) this was indicative of stratification. In contrast to zinc and sulfur deposition being 

confined to the surface of organic substrate in G columns; in the granules, zinc and sulfur 

association was observed throughout (Fig. 4.5). Similar to the findings from Chapter 3, the 

additional metal immobilization capacity of these columns over their entire length would have 

allowed them to operate at significantly higher influent metal concentrations and/or for a longer 

time without loss of zinc immobilization efficiency. This zinc and sulfur association was 

confirmed via XANES to consist largely of crystalline sphalerite (Fig. 4.2, 4.3B and 4.4A), both 

in association with the organic substrate and the inoculum granules.  

Crystalline sphalerite and amorphous ZnS can be distinguished from the immediate 

region after the edge in the XANES.  Since the photoelectron in this region of the XANES 

spectrum has a large mean free path (~20-25 Å)123, the XANES here is sensitive to larger scale 

effects, such as crystallinity.  Other researchers have shown that the post-edge features in ZnS 

are assignable to the degree of crystallinity and nanoparticle size in the ZnS structure. 124,125 

Additionally, these features in the XANES around 9666.8 and 9668.4 eV can be used to map 

crystalline vs. amorphous/nanoparticle ZnS. 
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Figure 4.2 A) Zinc u-XANES for all columns reveals predominantly crystalline sphalerite in G columns, a combination of crystalline 
and amorphous sphalerite in SG columns, and little evidence of metal sulfides in NG columns. Numbers refer to spectra acquisition 
points in B) and Figures 4.5, 4.6 and 4.7) Micro-probe XRF map of SG columns reveals the differences in precipitates where red is 
crystalline sphalerite, green is organically bound (sorbed) zinc and blue is amorphous sphalerite. Location identification numbers 
correspond to spectra in A. Scale bar = 200µm.
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Figure 4.3 XANES fits for no granules (A), live granules (B), and sterilized granules (C) reveal 
an abundance of zinc-sulfides in G and SG columns when compared to NG columns which 
exhibit more metallic zinc and zinc –phytate.  
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Figure 4.4 Normalized XANES (A) Zn-EXAFS spectra (B) and Fourier transforms (C) of data from G and SG columns where the 
former exhibits zinc-sulfur and zinc-iron associations and the latter, predominately zinc-oxygen associations.  
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Figure 4.5 Column G bottom exhibits a strong correlation between zinc and sulfur and disparate 
iron (zinc: red, iron: green, sulfur: blue). Numbers indicate location of spectra in Fig. 4.8. 
 
 

SG columns exhibited a bifurcated Zn-S spatial correlation suggestive of multiple sulfur 

compounds (Fig. 4.7). Despite this divergence, zinc and sulfur were indeed correlated (R2=0.7). 

Zn K-edge XANES data confirmed that the zinc-sulfur association observed in SG columns was 

a combination of crystalline sphalerite and amorphous zinc sulfide. Gypsum likely accounted for 

the alternative sulfur compound observed in the correlation plots (Fig. 4.8A). Crystalline 

sphalerite precipitated on the surface of substrate particles throughout the column while an 

amorphous zinc sulfide phase dominated the granules (Fig. 4.2). 
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Figure 4.6 Column G middle exhibits a weaker correlation between zinc and sulfur than columns 
G bottom, and similarly disparate iron (zinc: red, iron: green, sulfur: blue). Numbers indicate 
location of spectra in Fig. 4.8. 
 
 
 

While granules were rich in iron and sulfur at the onset of the experiment, sterilized 

granules were virtually devoid of iron at the end of the experiment and a diffuse but modest 
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propagation to the organic substrate (Fig. 4.5). This is consistent with effluent data that showed 

early iron release (Fig. C.2). Furthermore, in the absence of appreciable quantities of biogenic 

sulfide (Table C.1) in SG columns would result. 

 

 

Figure 4.7 Column SG middle exhibits a weaker bifurcated correlation between zinc and sulfur 
than column G bottom, and similarly disparate iron (zinc: red, iron: green, sulfur: blue). Numbers 
indicate location of spectra in Fig. 4.8. 

 

Zinc and sulfur were not spatially correlated in XRF maps of samples collected from NG 

columns (R2=0.06) (Fig. 4.8). XANES data indicates that gypsum precipitates predominated in 



76 

 

NG columns (Figs. 4.2 and 4.8), which according to our models were predicted to form as a 

result of limestone pre-treatment. Furthermore there was a lower proportion of zinc-sulfides here 

and a higher relative proportion of zinc in association with organic carbon when compared to 

other treatments (Fig. 4.3). There was comparatively little evidence of metal sulfides in these 

columns (Fig. 4.7). While model predictions indicated zinc carbonate precipitation should occur 

in NG columns, principal coordinate analysis of XAS data revealed that ZnCO3(s) was not a 

significant contributor to zinc immobilization in any of the column treatments. Lower than 

expected carbonate concentrations or suspended colloidal zinc carbonate formation that was not 

removed from solution could explain this absence.  

4.4.2 Implications for Bioreactor Design and Contaminant Mobility 

Microbially-driven precipitation often results in initial preferential formation of 

amorphous mineral forms,116,118,126 in agreement with Ostwald´s rule. Therefore it was somewhat 

surprising that crystalline sphalerite was observed to be preferentially precipitating in the G 

columns. It is possible that the initial precipitation resulted in deposition of amorphous ZnS 

which transitioned into crystalline sphalerite over time. Considering the higher relative stability 

(lower solubility) of this crystalline form, sphalerite precipitation resulting from these conditions 

has positive stability implications for SRBRs, although resolving contrasting patterns of the zinc-

sulfide crystallinity requires further inquiry. Nonetheless this suggests that biotic effects of 

inoculation resulted in not only more metal removal, but metals were immobilized as the more 

stable polymorph when compared to precipitates observed under  abiotic inoculum or absence of 

inoculum regimes. 
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Figure 4.8 Sulfur u-XANES for SG (A), NG (B), and G (C) columns demonstrate the formation 
of sphalerite (red), gypsum (green), and pyrite (blue).  Numbers correspond to where spectra 
were taken on the adjacent XRF maps. 

 

The Zn and S mineral phases identified by micro-focused XANES were gypsum, zinc co-

precipitated with gypsum, pyrite, amorphous zinc sulfide, and sphalerite. These species were 

differentially present in the columns depending largely on the inoculum conditions. The presence 

of amorphous versus crystalline forms of metal sulfides has important environmental 

implications. Amorphous zinc sulfide is more soluble than crystalline sphalerite,127 thus making 

it more prone to re-mobilization in reactors where present. Moreover, in the event of bioreactor 

failure, such as accidental drainage and oxygen exposure,128 oxidation of sulfidic minerals would 

re-mobilize amorphous zinc sulfide at faster rate than sphalerite due to the lower thermodynamic 

stability127 and larger surface area of the former. Furthermore the zinc co-precipitated with 
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gypsum would be susceptible to remobilization if the calcium or sulfate concentrations were not 

maintained. 

 

Figure 4.9 Column NG exhibits a lack of spatial elemental association (Zinc: red, iron: green, 
and sulfur: blue). There is limited correlation between zinc and sulfur. Numbers indicate location 
of spectra in Fig. 4.8. 

  



79 

 

CHAPTER 5 

REGIONAL BIOGEOCHEMICAL VARIABILITY WITHIN A MATURE, 

FIELD-SCALE SULFATE REDUCING BIOREACTOR 

5.1 Introduction 

Toxicity resulting from mining influenced water (MIW) is of significant environmental 

concern to receiving waters worldwide. It is well documented that sulfide ores, in contact with 

surface conditions oxidize, and release sulfate, metals, and acidity 129. In accordance with this, 

the field of MIW mitigation is a multibillion dollar, multidisciplinary operation that is realized at 

the global scale 130. MIW treatment can be divided into active and passive treatment. The former 

relies on processes such as ion exchange 131, coagulation and membrane filtration 132, and reverse 

osmosis applications 133, all of which are potentially expensive and require monitoring. 

Alternatively, passive treatment systems rely on extant processes to immobilize metals through 

formation of biogenic metal sulfides 134,135. An application of passive treatment includes sulfate 

reducing bioreactors.  

Sulfate reducing bioreactors (SRBRs) have been employed in MIW treatment worldwide 

for 20 years 2. These systems are variably designed to target specific water chemistry and 

regional considerations such as organic substrate availability and climate, but generally consist 

of a mixture of organic reactive substrate (alfalfa, woodchips etc.) and limestone homogenized 

into the substrate, often incorporated to provide alkalinity. While MIW varies tremendously 

(Table 1.1), generally SRBRs are designed with the objective being to treat  acidic, sulfate- and 

metal-rich water. As MIW permeates through the SRBR native organoheterotrophic consortia 

degrade the organic substrates to lower molecular weight organic acids and alcohols (lactate, 
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acetate etc). These in turn serve as reductant energy sources for sulfate reducing bacteria (SRB) 

that readily colonize and thrive in the presence of sulfate and the oxidizeable organics released 

through syntrophic fermentative processes 88. While the resulting biogenic sulfide is generally 

believed to bind locally with aqueous metals as immobile metal-sulfides, other precipitates can 

form in these systems such as carbonates (Chapter 4); therefore exclusively basing performance 

on metal removal does not differentiate between these mechanisms. The lack of differentiation 

between these precipitates is problematic as metal-sulfides are orders of magnitude more stable 

than carbonate-bound counterparts, and therefore the more desirable end-product97.         

Spatial variability of zinc removal and precipitation in pilot-scale column SRBRs 

described earlier in this thesis (Chapter 3) was attributed to depletion of zinc in the direction of 

flow for labile carbon sources, and increasingly reducing conditions with depth and time for 

recalcitrant carbon sources. In that same study, despite heterogeneity observed with respect to 

removal and precipitates, whole community analyses revealed a comparatively homogenous 

community structure profile with respect to the bulk community and overall diversity. Further 

understanding of specific mineralogy and crystallinity of metal precipitates and implications on 

mechanisms of formation and subsequent mobility were further explored in a study that focused 

on variations in inoculation regimes (Chapter 4). Importantly, these pilot and lab-scale studies 

described thus far in this thesis have contributed to a larger body of knowledge on microbial 

ecology, spatial metal removal, precipitation, and stability of metal precipitates. However, these 

investigations are inherently limited as one-dimensional representations of three-dimensional 

systems that operate on laboratory and pilot timeframes rather those of decades more likely to be 

encountered in successful field implementation.  
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Spatial variability in engineered systems is arguably of equal importance in engineered 

systems as in natural systems. Despite this there are comparatively few biogeographical inquiries 

into bioreactors when compared with natural environments 65,136, that explore variables of 

salinity 137, depth 138, and latitude 139. Identifying community trends as they are reflected in 

metadata responses would have implications for monitoring and operation. Furthermore, 

identification of key syntrophies or inhibitory competition, informs how to poise for beneficial 

microbial relationships. Lastly, highly selective, engineered environments, such as SRBRs, 

provide an excellent venue in which to investigate ecological relationships because there are 

limited superfluous metabolisms and functionalities to detract from the importance of key guilds. 

To this end, insights gleaned from more controlled pilot and lab scale systems (Chapters 2-4) are 

readily applied to field-scale interpretations.          

To our knowledge this is the first spatial profile of a field-scale SRBR that queries 

microbial ecology in conjunction with geochemical properties of immobilized metals of concern. 

Coring into the saturated but highly porous organic materials used in these reactors presents 

operational challenges. Resistance to sampling during operation further comes from the potential 

to introduce oxygen and the associated disruption of critical anaerobic respiratory processes or 

oxidation of immobile precipitates as well as concerns about potential flow short circuiting. 

These challenges were circumvented in this case by sacrificially sampling during the 

decommissioning of a mature SRBR.  

The study described forthwith builds on the insights gained through the extensive lab and 

pilot scale investigations presented earlier in this thesis by incorporating the inherent 

heterogeneity of a three dimensional system that mitigated MIW toxicity for approximately 10 

years of operation in the southeastern United States. By delineating spatial horizons we are able 
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to relate key geochemical processes to microbial community variability and functionality to 

better inform our understanding of the underlying mechanisms and variability within this SRB 

field implementation.  

5.2 Methods 

This methods sections describes the solid sampling protocol, geochemical 

characterization methods, and spatial microbial analysis.  

5.2.1 Solid Phase Sampling  

The focus of this study in on material derived from a SRBR in the Southeastern United 

States that treated approximately 1,362 L/hour of MIW laden with zinc, iron, aluminum, and 

manganese (pH 3.4) for an excess of 10 years. The reactor was designed to treat a volumetric 

metal loading factor of 0.3 moles of metal loading per day per cubic meter of organic substrate 

140. The organic substrate mixture included aged wood chips, manure, limestone, and alfalfa, 

additional design details and influent chemistry can be found in 141. Flow specifics were 

proprietary, and not provided.  

The bioreactor being investigated for this study was decommissioned Summer 2015, 

excavated with heavy machinery, and sampled anoxically directly from the backhoe bucket to 

correspond to specific locations and depth. Samples were vacuum sealed in the field and shipped 

on ice to Colorado School of Mines for geochemical and microbial analyses. While some regions 

of the reactor were sampled as deep as 48 inches (Fig 5.1.), detailed spatial inquiry was confined 

to 24 inches as that provided the most overlap between regions. While the depths investigated are 

fairly consistent, there were depths that were less precise as an artifact of the excavation and 

caving in of substrate (Table 5.1). 
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Figure 5.1. Sampling array from excavated field SRBR. Not all samples collected were used in 
analysis (see Table 5.1).  

 

Table 5.1.Samples used for analyses where levels are depth in inches. Asterisks indicate where 
samples do not perfectly overlap, as excavation was not exact.   

 

 

5.2.2 Aqueous sampling and sequential geochemical extractions   

Influent and effluent was collected from the reactor periodically during operation. 

Effluent was monitored for metal, sulfate, and sulfide concentrations as well as pH and 

DE4 DE2 DC3 BC4 BC2

Level 1 0-3 0-3 0-3 0-3 0-3

Level 2 3-6 3-6 3-6 3-6 3-6

Level 3 9-12* 8-11* 6-12 6-12 6-12

Level 4 12-15* 11-13* 12-18 12-18 12-18

Level 5 20-26* 18-24 18-24 18-24 18-24

Levels and regions of sampling depth in inches
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alkalinity. Substrate samples were sequentially extracted following the protocol previously 

detailed in Chapter 3. In brief, this involved an acetic acid extraction followed by a nitric acid 

extraction to differentiate adsorbed, exchangeable, carbonate-bound metals (AEC) from sulfide 

bound metals (SB). For the purposes of this study, the focus was limited to the mitigation and 

fate of iron, aluminum, zinc, and manganese. AEC bound metals can be defined as weak acid 

extractable where as SB metal can be defined as strong acid extractable. The different fractions 

of these metals were spatially visualized using Surfer (v. 12) contour mapping software with 

Kriging interpolation.   

5.2.3 Next generation sequencing  

DNA extraction was performed in triplicate using MoBio PowerSoil® DNA Isolation 

Kit, replicates were pooled in order to capture any heterogeneities in the sample substrate. DNA 

was amplified using Forward: V4F GTGCCAGCMGCCGCGGTAA Reverse: V4R 

GGACTACHVGGGTWTCTAAT primers, and sequenced using an Illumina MiSeq with 2 × 

250 paired end kit at the University of Colorado Boulder resulting in ~300bp reads (~270 after 

trimming). Sequences were assembled and processed using Quantitative Insights Into Microbial 

Ecology pipeline (QIIME) v 1.9 44. Sequences were aligned to the Green-genes reference 

alignment 45 using PyNAST 44. After quality filtering sequences were assigned to samples. The 

resulting reads were clustered into operational taxanomic units using the sub-sampling open 

reference protocol from the October 2012 Greengenes database45. A phylogenetic tree was 

assembled in QIIME using FastTree with the default settings in place 46.  
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5.2.4. Statistical analyses and Bioinformatics 

To investigate whole community differences vertically and laterally a suite of Analysis 

Of SIMilarity (ANOSIM) tests were performed. Each depth was pair wise compared to every 

other depth and then each region (BC2, DE3, etc.) was similarly pair wise compared. “Nested” 

ANOSIM tests were also run for regions and depths (e.g. level 1 vs. all other levels). The metals 

of interest (aluminum, iron, manganese, and zinc) were summed in order to determine regions or 

depths of enhanced metal immobilization or analyzed individually. Student’s T-tests were 

employed through JMP version 10 142 to query if metals immobilization mechanisms had any 

spatial trends. Once it was determined the metals data was non-parametric, Kruskal-Wallace and 

Dunn Tests were executed with Bonferroni P-value adjustments in R version 3.0.1 143. G Power 

144 was used to determine the sample size needed to achieve the statistical power (1-β >0.8) to 

reject the null hypothesis; region or depth has an effect on the mass of SB or AEC metal. In the 

case that a region or level was phylogenetically distinct and exhibited enhanced metal removal, a 

relative abundance threshold of 1% was set and differential_abundance.py (DeSeq2) was used to 

query for which organisms were significantly more abundant in these regions or levels. Resulting 

OTUs from the DeSeq2 analysis were run through BLAST 56 to confirm taxonomic assignment. 

P-values less than 0.05 were considered significant throughout the study. 

5.3 Results  

Herein results for vertical and lateral biogeochemical trends are presented and linked for 

unprecedented insight into a field reactor.  
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5.3.1 Spatial metal associations 

Nearly 10 years of operational data from an in versus out perspective was provided 

through personal communication with Golder Associates. Influent MIW was 19.6 mg/L ±4.2 

aluminum, 82 mg/L ±16.5 iron, 3 mg/L ±0.16 manganese, 1.2 mg/L ±1.3 zinc, 445.8 mg/L 

±87.37 sulfate and 1.1mg/L ±1.3 sulfide; influent pH was 3.3 ± 0.12 (95% confidence intervals). 

SRBR effluent was 0.15 mg/L ±0.05 aluminum, 3.61 mg/L ±1.7 iron, 4.48 mg/L ±0.50 

manganese, 0.05 mg/L ±0.03 zinc, 144.9 mg/L ±35.44 sulfate and 7.22mg/L ±1.65 sulfide; 

effluent pH was 6.3 ± 0.11 (95% confidence intervals). This SRBR decreased sulfate 3-fold, 

complimentarily sulfide was ~7 times higher in the effluent than in the influent. The pH of the 

MIW was successfully neutralized. Metal removal was variable, but largely successful except for 

manganese concentrations which actually increased. With respect to precipitation mechanisms 

zinc, aluminum, and iron revealed higher proportions of sulfide binding than absorbed 

exchangeable carbonate binding by ratios of 24 ±7, 42 ±6, and 15 ±7 respectively (95% CI). 

Alternatively, manganese exhibited preferential AEC binding where the average SB to AEC 

manganese ratio was 0.8 ±0.3 (95% CI). While informative to the overall performance of the 

reactor, this analysis does little to inform the spatial distribution of metal sequestration 

mechanisms.      

To this end, geochemical extractions, similarly employed in Chapter 3, were applied to 

this three-dimensional system to delineate precipitation trends. There was more AEC aluminum 

in the top three inches of the reactor when compared to all other levels (Student’s T-test; P<0.01 

Fig. 5.2A) and significantly more than in levels 4 (12-18 in.), and 5 (18-24 in.) (Dunn test 

P=0.03 and 0.03 respectively; Fig. 5.3A). In contrast, AEC manganese and zinc exhibited an 

opposing spatial trend with larger quantities in the deeper reactor levels (Figs. 5.2C and D). 
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Sulfide-bound manganese was the only sulfide-bound metal to exhibit a trend with respect to 

depth as deeper regions of the bioreactor contained increasing quantities of SB-manganese (Figs. 

5.2C and 5.3C). Iron was the only metal observed that did not reveal a depth trend for either test 

in AEC and SB extraction results (Figs. 5.2B).  

 

 

Figure 5.2. Concentration heat map depth profile of AEC and SB aluminum (A), iron (B), 
manganese (C), and zinc (D) with P-values (Student’s T-test) for each depth permutation. Bold 
font indicates a significant relationship, average concentrations are in italics.    
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Figure 5.3. Depth profile of AEC and SB aluminum (A), iron (B), manganese (C), and zinc (D) 
with P-values (Dunn Test; Bonerroni P-value adjustments) for each depth permutation. Bold font 
indicates a significant difference, average concentrations are in italics.  

 

The vertical precipitation profiles described above are similar to those previously 

presented (Chapter 3). The three dimensional sampling of the field reactor afforded us the 

opportunity to describe the lateral variation in precipitate distribution. With respect to regional 

metal removal BC2 and DE4 exhibited distinct trends from each other with respect to SB 

aluminum and zinc (Figs 5.4A&D and 5.5A&D). BC2 and DE4 were also spatially distant as 

these regions were diagonally separate from each other, which would contribute to their disparate 

precipitation patterns. This is largely explained by the difference in aluminum concentrations 
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between BC2 and DE4 as SB aluminum concentrations were an order of magnitude higher than 

SB zinc concentrations (Fig. 5.3A) (Student’s T-test; 246.1 ±194 mg/g vs. 75.78 ±26 mg/g; 

P=0.04). While a modest contribution to the overall SB metal content, SB zinc concentrations 

were higher in BC2 than in any other regions (Fig. 5.4D). For the purposes of this study BC2 

appeared to be a region of enhanced metal immobilization, and therefore subject to further 

scrutiny. 

 

Figure 5.4. Average regional concentration of sulfide-bound aluminum (A), iron (B), manganese 
(C), and zinc (D) with Student’s T-test P-values between each region. Significant differences are 
in bold italics, concentrations are reported in mg metal/g of substrate as indicated by the color-
scale.  



90 

 

 

 Figure 5.5. Average regional concentration of SB aluminum (A), iron (B), manganese (C), and 
zinc (D) with Dunn Test results (Bonerroni P-value adjustments) between each region. 
Significant differences are in bold italics, concentrations are reported in mg metal/g of substrate 
as indicated by the color-scale.  

 

The enrichment of AEC metal content in the center of the reactor is largely a result of an 

enriched iron concentration here (Student’s T-test; 115.5 mg/g; P<0.009; Fig. 5.6B). 

Furthermore at the average pH of the reactor effluent (6.3 ±0.11) and 82 ±16.4 mg/L iron 

precipitation of Fe(OH)3 is expected145. This was one of the instances where the results were 

statistically significant and iron was significantly higher in DC3 than in BC2 and DE2 (Dunn 

test, Bonferroni P-values=0.0003 and 0.04 respectively) (Fig. 5.7B).  Manganese also exhibited a 
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regional trend where BC4 and DE4 exhibited higher AEC manganese (Student’s T-test, 6.3 and 

6.1 mg/g respectively; P<0.03) and BC2 comparatively depleted with respect to AEC manganese 

when compared to other regions (Student’s T-test; 2.8 mg/g; P<0.05) (Fig. 5.6C). On the other 

hand, AEC aluminum and zinc did not show apparent variation regionally (Fig. 5.6 and 5.7A and 

D).  

 

Figure 5.6. Average regional concentration of AEC aluminum (A), iron (B), manganese (C), and 
zinc (D) with Student’s T-test P-values between each region. Significant differences are in bold 
italics, concentrations are reported in mg metal/g of substrate as indicated by the color-scale. 
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Figure 5.7. Average regional concentration of AEC aluminum (A), iron (B), manganese (C), and 
zinc (D) with Dunn Test results (Bonerroni P-value adjustments) between each region. 
Significant differences are in bold italics, concentrations are reported in mg metal/g of substrate 
as indicated by the color-scale. 

 

Sequential digest data revealed spatial differences in AEC and SB metals laterally and 

with depth with these analyses focusing on aluminum, iron, manganese, and zinc (Table D.1 A 

and B). As metals data was not normally distributed and based on multiple comparisons, the 

Student’s T-test was not an appropriate test for determining significant differences between 

levels or regions. Rather, we employed the Kruskal-Wallis and Dunn tests in conjunction with a 

Bonferroni P-value adjustment. However, with only 5 comparisons the statistical power of the 
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Kruskal Wallis was extremely low as in order to achieve the power to reject the null hypothesis, 

that depth or regions will not have an effect on the amount of SB or AEC metal, (1-β>0.8) we 

would need approximately 27 samples  (134 samples/ 5 comparisons) (Fig. D.2). In light of this, 

it is not surprising that neither T-tests nor Dunn tests yielded significant results; however there 

were highly suggestive trends that could only be confirmed given a much higher sampling 

resolution than was possible here. Furthermore, a large discrepancy in values was apparent for 

both depth and horizontal space where 5 different depths were averaged to come up with the 

average mass of metal sequestered per gram of substrate (Figs. D.1 A and B respectively). In the 

interest of delineating trends despite lack of statistical power, the results of these tests were used 

to guide biogeochemical interpretations. Results of the different statistical tests are reported, but 

do not indicate significance.   

5.3.2 Microbial community trends with metal precipitation 

To further investigate spatial trends and query for zones that were phylogenetically 

distinct from others ANalysis Of SIMilarity (ANOSIM) tests were run comparing each level to 

all the other levels in a nested comparison (Table 5.2A), along with pair wise comparisons of all 

individual levels (Table 5.2B). Similarly, each region was compared against all other regions 

(Table 5.3A), and each region to every other region individually (Table 5.3B). This combination 

of nested and pair wise analyses elucidated interactions between individual levels or regions as 

well as how individual levels or regions compared to the system holistically. As detailed in 

Chapter 3, diversity estimates (Chao1 and Shannon) exhibited no spatial variation. To this end, 

community analysis was limited to ANOSIM analysis for the field system.   
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Table 5.2. Depth profile ANOSIM results reveal no significant differences in whole community 
structure with depth. Nested comparison of each level to all other levels combined (A), and pair 
wise comparison of each level to each other level individually where P-values are below the grey 
diagonal and test statistic (R) is above the grey diagonal (B).  

 

 

 

Similar to metals data, the microbial community in this reactor displayed limited 

variation with depth (Table 5.2A and B). Negative test-statistic values indicate a non-

independent relationship; level 1 was the only depth that was independent of all the others, 

whereas every other level exhibited some degree of interdependence (Table 5.2A). When these 

levels were compared in a pair wise fashion the interdependence decreases as distance between 

levels increases.  For example, levels 2 (3-6 in.) and 3 (6-12 in.) are dependent on level 1 (0-3 

in.), and levels 4 (12-18 in.) and 5 (18-24 in.) are independent of level 1. The only instance 

where two adjacent levels were independent were levels 4 and 5 (Table 5.2B) which were often 

not perfectly overlapping (Table 5.1). While no levels were significantly different from each 

other with depth there is increasing dissimilarity with depth when the levels were pair wise 

compared (Table 5.2B). The increasing dissimilarity with depth corresponds to a significant 

trend where the relative abundance of putative methanogenic archaea increased with depth 

(Spearman; R2>0.99; P=0.02).  
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Table 5.3. Regional ANOSIM results reveal significant differences in the whole community 
laterally. Nested comparison of each region to all other region combined, where regions that 
were significantly different than all the others are highlighted in blue (BC2 and DE2) (A), and 
pair wise comparison of each region to each other region individually where P-values are below 
the grey diagonal and test statistic (R) is above the grey diagonal (B). 

 

 

 

In congruence with geochemical extraction data, the three dimensional nature of this 

reactor was also characterized laterally with respect to community structure. Each region was 

significantly different from every other one when pair wise compared (Table 5.3B), but when 

each region was compared to all the other regions combined only BC2 and DE4 emerged as 

having a distinct community structure from the other regions (Table 5.3A). Generally less 

dependence (negative R values) was exhibited regionally when compared to depth. DC3 and 

DE4 exhibited dependence on all other regions combined (Table 5.3A). The MIW was piped into 

the center of the reactor (DC3), and therefore the surrounding regions were non-independent of 

DC3. However the non-independence of DE4 is harder to explain.  BC2 and DE4 were the most 

phylogenetically distinct when pair-wise compared (ANOSIM P=0.007; Table 5.3B). The 

distinction between these regions was a result of their physical distance from each other (Fig. 

5.1). Similarly BC4 and DE2 were diagonal from each other, and did not exhibited the analogous 

community distinction (ANOSIM P=0.01; Table 5.3B and Fig. 5.1).  
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Principle Component Analysis (PCoA) in conjunction with percent of maximum SB 

metal removal (Fig. 5.8) highlights the distinction of BC2 from the rest of the samples, 

specifically BC2 levels 1 (0-3 in.), 2 (3-6 in.), and 3 (6-12 in.), all occupying quadrant I. 

Component 1 (x-axis) explains much of the variability for BC2 and DE2, the distinct 

communities. The relatively large sizes of the bubbles for BC2 are indicative of significantly 

higher sulfide-bound metal precipitation in this region (Fig. 5.8).  

Despite these observations setting DC3 apart from the other regions it was not distinct 

with respect to community structure (ANOSIM, P=0.8; Table 5.3A). Component 1 also defines a 

lot of the variability in DC3, which was the center of the reactor (Fig. 5.1), and exhibited some 

distinction with respect to immobilization of AEC iron (Figs. 5.6 and 5.7B). Component 2 

explains more of the diversity for BC4 and DE4 (the left side of the reactor) where less sulfide-

bound metals were found in general, particularly in DE4 (Figs. 5.5 and 5.6).   

The combination of a distinct microbial community (Table 5.4) as well as an enrichment 

of SB aluminum and zinc relative (Figs. 5.4A and D) in the region BC2 called for further inquiry 

into the organisms responsible for this difference in community structure and performance. To 

this end differential abundance was employed to compare BC2 to the rest of the reactor, 

identifying clades that were significantly enriched in each of these subsets. Organisms identified 

as enriched in BC2 or relatively depleted in other regions would have a positive impact on 

performance. In contrast organisms enriched in the other regions could be seen as having an 

antagonist effect. 
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Figure 5.8. PCoA of all regions indicated by color and levels indicated by shade. The circle size 
indicates percent of maximum SB metal (mg/g) observed. BC2 (magenta) and DE2 (orange) are 
the distinct communities (ANOSIM P<0.05; Table 3A) from all other regions.  
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5.3.3 Clades associated with differences in metal removal and community structure 

BC2 emerged as a region that exhibited enhanced sulfide-bound metal precipitation as 

well as a distinct community when compared with all other regions. In an effort to delineate the 

clades responsible for this community associated with enhanced performance differential 

abundance was assessed. This effort resulted in elucidating key clades that yielded a combination 

of distinct community structure and enhanced sulfide mediated metal mitigation (Fig. 5.9). Each 

OTU resulting from the differential abundance analysis was BLASTed and the putative function 

of each BLAST result was investigated (Table 5.4). The clades that were significantly enriched 

in BC2 relative to the other regions were by and large putative sulfate reducers (Table 5.4). The 

exceptions being Geobacter Daltonii a putative metal reducer 146 and Ingavibacterium album an 

organoheterotroph 147. In contrast, the clades enriched within other regions of the reactor 

harbored more diverse putative functions that included methanogenesis, methane-oxidation, and 

organoheterotrophy. One notable distinction is the abundance of methane-related metabolisms in 

the less effective regions of the reactor and the absence of such functions in BC2. The 

enrichment of methanogenic archaea compared to sulfate reducing bacteria in other regions 

relative to the region BC2 and the increase in methanogenic archaea with depth is suggestive of 

areas depleted with respect to sulfate.  
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Figure 5.9. DeSeq2 results reveal species more abundant in BC2 (teal) relative to the other regions of the reactor (orange) with 95% 
confidence intervals (base mean cut off  ≥15).  
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Table 5.4 Putative functions and references for organisms in Fig. 5.9 (References in D.4). 

Organism Putative function Reference

Desulfonatronovibrio hydrogenovoransAlkaliphilic SRB Zhilinia et al., 1997 

Thermodesulfovibrio thiophilus SRB/in methanogenic sludge Sekiguchi et al., 2008

Geobacter Daltonii Fe-reduction coupled to oxidation of acetate Prakash et al.,2010

Desulfatibacillum alkenivorans SRB alkane degradeing Cravo-Laureau et al., 2004

Ignavibacterium album CO2 fixation and TCA cycle Liu et al., 2012

Syntrophobacter fumaroxidans SRB Harmsen et al., 1998

Coprococcus comes Organoheterotrophy Reichardt et al., 2014

Hyphomicrobium nitrativorans Denitrifier co/culture w/ methanogen Martineau et al: 2013

Clostridium botulinum Organoheterotrophy Johnson and Bradshaw, 2001

Methanomassiliicoccus intestinalis Methanogenesis Borrel et al., 2013

Tepidanaerobacter syntrophicus Organoheterotrophy co/culture w/ methanogen Sekiguchi et al., 2006

[Clostridium] papyrosolvens Cellulolytic Madden et al., 1982

Methyloceanibacter caenitepidi Methanotroph Takeuchi et al., 2014

Anaerophaga thermohalophila Organoheterotrophy Denger et al., 2002

Thermoanaerobacter italicus Organoheterotrophy Kozianowski et al., 1997

Microbispora mesophila Organoheterotrophy Wang et al., 2015

Syntrophorhabdus aromaticivorans Aromatic degrader under methanogenesis Nobu et al., 2014

[Clostridium] termitidis Cellulolytic Hethener et al., 1992

Bellilinea caldifistulae Organoheterotrophy Yamada et al., 2007

Methylocapsa acidiphila Methane oxidation Khmelenina et al., 2002

Hyphomicrobium zavarzinii Denitrifier co/culture w/ methanogen Martineau et al: 2013

Actinotalea fermentans Cellulolytic Bayer et al., 2009
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5.4 Discussion  

Previous work in this dissertation has revealed that in the presence of excess sulfate, 

SRBRs are vertically homogeneous with respect to microbial community structure while 

precipitate distribution is driven by localized inorganic ligand availability (Chapter 3). While 

laboratory and pilot scale column systems are excellent venues to investigate variables such as 

the type of solid organic substrate and operational manipulation as well as to gain a better 

understanding on the role of depth and processes on microorganisms and precipitate formation, 

they do not capture the three-dimensionality of these systems. Similar, to the column study 

presented in Chapter 3, this field reactor was vertical homogeneous with respect to the microbial 

community (Table 5.2). Regardless of the lack of statistical differences between levels there was 

an increasing dissimilarity with depth i.e. when level 1 (0-3 in.) was pairwise compared with 

adjacent level 2 (3-6 in) P=0.98, but when level 1 was compared with level 5 (18-24 in.) P=0.09 

(Table 5.2B). The increasing dissimilarity with depth parallels a significant increase in 

methanogenic archaea with depth. A higher relative abundance of methanogens with depth 

suggests increasingly reducing conditions, and even pockets of sulfate depletion. Indeed effluent 

sulfate was in excess of 100 mg/L, however localized sulfate depletion would poise for 

methanogenic conditions. Similar to trends observed here, in natural systems, dissimilarity 

increased with respect to lateral distance in an alpine environment, but on the order of meters 

rather than the 2 feet observed here 65.  

There were some defined horizons of relatively enriched SB and AEC metal precipitation 

(Fig. 5.2 and 5.3).  Two potential abiotic sources of observed precipitation horizons include 

inorganic ligand distribution as was observed in (Chapter 3), where prevailing spatial distribution 

of metal precipitates was largely dependent on the local availability of carbonates, SRB-
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mediated sulfide evolution, and oxy-hydroxide ligands. Chapter 5 breaks off from Chapters 2 

and 3 in that observations are made with respect to the distribution of multiple metals contingent 

on a metal binding hierarchy97. For example, while aluminum, iron, and zinc were almost 

entirely removed manganese actually exhibited a release. This manganese release likely results 

from the high solubility of manganese-sulfides relative to iron and zinc-sulfides148 or manganese 

released from manganese-rich limestone149. Similar to the replacement of iron by zinc observed 

in the granules (Chapter 4) manganese present in the native material was likely replaced with 

zinc or iron.    

Manganese was anomalous in that it was the only metal that both exhibited a significant 

SB depth trend and had a higher mass in the AEC fraction compared to SB (Fig. 5.2C and 5.3C). 

The higher AEC mass fractionation can be explained by the comparatively high solubility of 

manganese sulfide under reducing conditions 150,151.  Due to the high solubility of manganese-

sulfides, manganese oxidation would be a better removal mechanism152 then precipitation with 

biogenic sulfides. 

Similar sulfate-reducing systems have been shown to effectively remove aluminum, iron, 

and zinc 88,151 through precipitation with biogenic sulfide. Aside from the exception of 

manganese, there were no other instances of significantly higher SB metal at a given depth (Figs. 

5.2 and 5.3). Complimentary to this lack of SB depth zonation, we did not observe SRB 

enrichment or a significantly different microbial community differentiation as a function of depth 

(Table 5.2). The difference in operational duration at least partially explains the lack of zonation 

in the field system when contrasted to the comparatively short-term experiment in Chapter 3. 

The field reactor would have had enough sulfide building up locally and bubbling through the 

substrate for long enough to homogeneously precipitate metals top to bottom.    
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Contrary to what was observed in the sulfide-bound metal results, abiotic removal 

mechanisms exhibited some variation with depth, which could be attributed to imperfect 

distribution of limestone. However, a further inquiry into the distribution of substrates and 

limestone is not possible due to the reactor being decommissioned and excavated. It is 

interesting, that spatially there was relatively more AEC aluminum in the shallower depths, but 

AEC manganese and zinc preferentially precipitated deeper within the reactor (Fig. 5.3). 

Aluminum, manganese, and zinc has been observed to precipitate in a co-localized manner as 

oxyhydroxysulfates, hydroxides, and carbonates in pilot-scale SRBRs containing limestone 

151,153. The lack of co-localization observed here may be explained by the heterogeneous 

conditions encountered in a field reactor, as the variability in abiotic vertical precipitation is 

more likely a result of limestone distribution and preferential flow than a mechanistic layering of 

precipitates.  

In contrast to the AEC precipitation depth profile, regional AEC precipitation exhibits a 

significantly higher concentration of iron in the center of the reactor (Figs. 5.6 and 5.7). This is 

presumably the result of inflow deposition in the center of the reactor and immediate iron-

hydroxide precipitation. In contrast to this depositional profile, microbial communities of the 

other regions were not independent of DC3 (center of the reactor) (Table 5.3A). The combination 

of higher AEC iron and the non-independence of the rest of the reactor on the microbial 

community of the center, underscores the distribution of MIW from the center of the reactor.  

Few other significant AEC relationships were observed regionally in this reactor. 

Although neither iron nor aluminum concentrations were not exceedingly high (82 mg/L ±16.4 

and 19.6 mg/L ±4.19 respectively) in this mine water influent, the amorphous nature of iron and 

aluminum oxyhydroxides have been shown to clog SRBRs 150. And while both aluminum and 
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iron preferentially precipitated as in the strong  acid fraction (iron as FeS and aluminum as 

AlOOH), the abiotic precipitation variation highlights the importance of a homogeneous 

distribution of organic substrates to limit preferential flow paths154. Temporal complexity is 

confounded by the degradation of organic materials, a necessary process in SRBRs, which could 

initiate or exacerbate these channels 155. Lab-scale SRBRs have been shown to short circuit as a 

result of substrate structure in a horizontal direction151. In an extreme scenario, a field reactor has 

the capacity to short-circuit as a result of channel formation,   jeopardizing its efficacy and 

creating a significant hazard 156. Periodically mixing of reactor substrate would disrupt these 

channels, but it would also require a “down time” to re-establish the redox conditions required 

for metal-sulfide precipitation.  

While abiotic precipitation represents a large pool of metal mitigation potential, 

biotically-mediated, sulfide-bound metal precipitation is preferred as the latter is more stable 97. 

Preferential flow channels may contribute to metal–sulfide precipitation by increasing sulfate 

loading to a given region, but metal-sulfide precipitation is largely microbially-mediated, that is 

the community needs to be established or the reactor would short circuit. Sulfate-reduction in 

systems containing lingo-cellulosic materials such as the reactor studied here is largely 

syntrophically driven 88. That is, a relatively small SRB population (1-6%) 88,109, is dependent on 

a much larger fermentative scaffolding to oxidize lignin and cellulose to carbon compounds such 

as lactate and acetate that sulfate-reducing bacteria can further oxidize 88,157.  

The regional heterogeneity in both metal removal (Figs. 5.3-5.7) and community 

structure (Table 5.3 & Fig. 5.8) highlighted BC2 as a region where enhanced precipitation is 

biotically driven. To this end, differential abundance was employed to determine what clades 

were driving the significant community distinction observed in BC2 versus all other regions (Fig. 
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5.9 and Table 5.4). The putative functionality of organisms more abundant in BC2 were by and 

large sulfate reducing organisms such as Desulfonatronovibrio hydrogenovorans 158, 

Thermodesulfovibrio thiophilus 159, Desulfatibacillum alkenivorans 160, and Syntrophobacter 

fumaroxidans (Harmsen et al., 1998).  Thermodesulfovibrio thiophilus is commonly viewed as a 

thermophile, but more importantly, this organism’s ability to reduce sulfate in methanogenic 

sludge 159 (i.e. compete/co-exist with methanogenic archaea) would be highly beneficial in this 

system where there was a methanogenic presence (1% ±0.2%; 95% confidence interval).  Under 

certain conditions methanogenic archaea and sulfate-reducing bacteria have been shown to 

compete for resources and have an antagonistic relationship 161 while in other environments these 

guilds have been known to co-exist without competition  162. It would therefore be beneficial to 

further investigate the nature of the relationship between methanogenic archaea and sulfate-

reducing bacteria in this or analogous SRBR to determine if efficiency was impacted.  

In contrast to region BC2, the other regions were enriched in organoheterotrophic 

organisms as well as organisms with methane-related metabolisms. As there was no enrichment 

of SRB in these other regions relative to BC2, there may be was a competitive relationship 

between SRB and methanogenic organisms (Methanomassiliicoccus intestinalis). M. intestinalis, 

is known to use methylated compounds as reductants for methanogenesis 163, whereas the SRB 

prevalent in BC2 are have been shown to thrive on fermentation products such as formate 158, 

hydrogen, pyruvate, and lactate 159. As these organisms are using different substrates, and 

complex carbon is not likely limited in a lingo-cellulose based reactor, there is little evidence that 

the difference in performance between BC2 and the rest of the reactor is competition based. 

However a combination of metagenomic inquiry and further carbon characterization is required 

to determine what processes are at work and if the carbon is a competitive limitation.    
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While methanogenesis and sulfate-reduction have been observed together 164, when 

sulfate is depleted methanogenesis would be the primary terminal electron accepting process 

(TEAP). The significant increase in methanogenic archaea with depth in this reactor is reflective 

of periods where sulfate was depleted (<5mg/L). From a regional perspective, if BC2 was 

receiving preferential flow of sulfate rich water, and the rest of the reactor was relatively 

depleted in sulfate, it would at least partially explain the observed community differences, 

especially the significantly higher SRB species in that region. An example of preferential flow 

paths affecting selection in natural systems is the enrichment of organic carbon and microbial 

biomass observed to be enriched along preferential flow paths in forest soils 165. Flow effects on 

SRBR performance has received comparatively limited attention compared to flow effects on 

nutrient distribution and community structure changes in natural systems. It is arguably as 

important to understand these effects in the built environment as preferential flow paths could 

impart a significant selective bias. In an SRBR ensuring even distribution of electron acceptors 

in a reducing system is imperative to proper function. In parallel, an enrichment of sulfate 

regionally in an SRBR, resulting from preferential flow could increase sulfate reduction in that 

region. An localized enrichment of sulfate resulting from preferential flow is a more plausible 

explanation for the different community structure coupled to higher sulfide-bound metal 

concentrations found in BC2.   

A preferential flow path can quickly evolve to short-circuiting of the reactor. While it is 

promising that a region of this reactor was so efficient at precipitating metal sulfides, it is also 

disconcerting that toxic MIW could potentially short-circuit the treatment altogether if not evenly 

distributed throughout the reactor for treatment. For example precipitates have been observed to 

form channels in a reactor over time 156,166 and this has been acknowledged as a significant 
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design concern 155, and circumventing this problem has not been thoroughly investigated in 

SRBRs. Further study with respect to the functional genes present and how precipitation affects 

preferential flow paths or short-circuiting would be beneficial to understanding the performance 

of these systems.  
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CHAPTER 6 

CONCLUDING REMARKS 

The work presented here contributes to a growing body of knowledge on the microbial 

ecology and geochemical drivers that contribute SRBRs’ performance. Lab and pilot scale 

studies facilitated experimental focus on defined, singular mechanisms that play seminal roles in 

SRBR efficacy. By using these test systems to better inform how to query a field-scale SRBR we 

were able to perform an unprecedented spatial characterization. Determining and differentiating 

biotic and abiotic metal removal mechanisms spatially and over the course of operation in 

relation to substrate and inoculum permutations is critical to better inform the implementation of 

these passive treatment systems.  

Through a combination of relatively high cellulose to lignin ratios and increased nitrogen 

content, alfalfa hay pilot scale systems outperformed their woodchip based counter parts. This is 

hypothetically attributable to alfalfa hay’s ability to select for favorable syntrophies; however 

this was not queried for directly. While the pilot-scale experiment was ran over the course of 500 

days, this actually represented what would be considered a start-up period for a field-scale 

system such as the one investigated herein. Despite the pilot-scale nature (in size and 

experimental duration) zinc removal, precipitation, and elemental association evolved spatially 

and temporally despite relative stability of the microbial community structure. The longevity of 

these passive treatment operations underscores the need for a combination of fast-acting labile 

carbon sources to get the system started, and more enduring recalcitrant reactive substrates that 

may exhibit limited promise early on, but will provide a sustained carbon source for much 

longer. Inoculum, employed in SRBRs to “jump-start” or establish consortia facilitating biogenic 
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sulfide evolution were shown to have biotic and abiotic influences over metal-sulfide stability. 

When multiple metals are considered as was the case for the lab and field scale systems, 

inorganic ligand availability (sulfide, carbonate, etc.), in combination with metal binding 

hierarchy, influence the how metals are sequestered. Finally the field-scale system, while much 

more mature, exhibited some predicable patterns based on results from the pilot and lab scale 

investigations. These included less biogeochemical variation with depth, but higher variability in 

the lateral directions.  

Organic substrate and water chemistry are the primary selective forces in SRBRs. 

Ascertaining which organic substrates select a consortium of organisms that poise syntrophic 

relationships promoting robust sulfate reduction is a critical design concern for SRBRs. These 

passive treatment systems are largely reliant on the distribution of inorganic ligands to sequester 

metals and therefore the distribution of these ligands, and their stability when complexed with 

aqueous metals is seminal to the efficacy of an SRBR. Indeed, inoculum is often employed to 

establish biogenic sulfide evolution; however inoculum’s biotic and abiotic influence over 

precipitation has previously received little attention. All of the above factors, microbial selection 

by substrate, ligand distribution, and inoculation effects are reflected in field-SRBR reactor 

design. However microbial distribution in a field-scale system is reliant on the even dispersal of 

substrates, ligands and, inocula. In the absence of even MIW flow through a reactor, there will be 

pockets or regions that exhibit variable performance, and in the worst case short-circuiting could 

occur.  

While this body of work represents a rich description of community structure and metal 

precipitation in SRBRs, but there is always further analyses that can be done. The ecological and 

geochemical observations made at different scales herein would ideally further inform future 
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studies that investigate the distribution and role of specific metabolisms in SRBRs. The organic 

metabolites resulting from the rich fermentative consortia could be analyzed in parallel to 

metagenomics results. These complementary observations would lend causality to the syntrohic 

relationships between fermentative organisms and sulfate reducing bacteria described here. 

Furthermore, specific characterization of organics leaching from SRBR substrate such as the age, 

aromaticity (bioavailability), and role in metal solubilization, have a potentially massive 

influence on performance and microbial selection yet have received little attention.   

Collectively, organic substrate bioavailability and inorganic ligand availability to metals, 

biotic versus abiotic metal precipitation mechanisms, and complex competitive or cooperative 

microbial relationships all observed spatially and temporally in this dissertation contribute to 

redefining how we think about “black-box systems”. SRBRs are robust and work very well for 

extended time periods, but these “black-boxes” offer a rich, but selective and controlled 

environment to investigate broader implications. The work presented here highlights the 

importance of further inquiry into the quality and identification of carbon in conjunction with –

omics investigations to develop pathways responsible for optimal performance. Inferences from 

these studies will have broader implications still being applicable to the vast array of organic-rich 

reducing environments that drive so many natural and built environments.  
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The appendix is organized by chapter where supporting information including additional 

methods, design details, references, and data for Chapters 2, 3, 4, and 5 can be found in A, B, C, 

and D, respectively. Also included in this appendix is a manuscript in review for publication in 

Bio-Protocol this protocol details the column design implemented in chapters 2 and 3.  

APPENDIX A SUPPORTING INFORMATION FOR CHAPTER 2 

Method A.1: Additional SRBR Design Details  

Five solid-substrate sample bags (sealed polypropylene mesh) containing the same 

substrate as the given column were deployed in each of the 3 solid-phase sample ports. Glass 

marbles covered the bottom 10 cm providing bed support and normalized hydraulic properties. 

The solid-phase sampling ports consisted of 3-inch ID slotted PVC pipes installed into the 

column perpendicular to fluid flow that were sealed with threaded caps. Sample bags were 

exposed to the water flowing through the columns, but could be retrieved and replaced with an 

identical mass to minimize perturbations in the column and future sampling.  The columns were 

fed mining influenced water (MIW) collected from a field site in the southwestern United States 

and stored in a 9,460 L tank at the experimental site. The columns were initiated on 25 May 2012 

by filling them with MIW, which was re-circulated at a rate of 15L/d. On 15 June 2012, 520 mL 

of a mixture of individual microbial cultures sustained on ethanol, alfalfa hay, sawdust, and 

woodchips was added to each column. Column flow-through mode, which denotes the beginning 

of the operational phase, started approximately 2-months after conditioning on 30 July 2012. 

After 381 days of operation, columns WSA, WS, S, and W were re-inoculated with 39, 52, 62, 

and 39 grams, respectively, of composted cattle manure in an effort to induce sulfate reduction 

and zinc removal. 
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Method A.2: Additional Quantitative PCR Methods  

For 16S rRNA quantification, 2 uL of template DNA was added to a reaction mixture 

containing 12uL of SuperMix, 2 uL of 25uM EUB 338, 2 uL of EUB 515, and 6.5 uL of 

nuclease free water for a final reaction volume of 25 uL. The amplifying program was 95°C for 

15 minutes (1X), then 95°C for 1 minute, 53°C for 30 seconds, 72°C for 1 minute (40X). For 

DSR quantification, 2uL of template DNA was added to a reaction mixture containing 10uL of 

SuperMix, 2uL of 5uM DSRF1+, 2uL of 5uM DSR-R, and 6uL of nuclease free water for a final 

reaction volume of 20uL. Quantitative amplification of the dsrA gene was conducted at 95°C for 

15 minutes (1X); 95°C for 15 seconds, 59°C for 30 seconds, and 72°C for 30 seconds (40X); 

72°C for 10 minutes (1X); and hold at 4°C. A melt curve analysis was performed for all qPCR 

runs to determine if primer-dimers had amplified. The copy numbers reported here are averages 

of triplicate amplifications. 

Standard curves for EUB and DSR primer sets were established using genomic DNA 

extracted from a pure culture of D. vulgaris using the QIAGEN QIAprep® Spin Miniprep Kit. 

Serial dilutions of the genomic DNA were amplified with the respective primers and programs 

previously described. Amplicons were gel purified using the Omega bio-tek E.N.Z.A.® Gel 

Extraction Kit. DNA concentration of the purified product was quantified using the Aglient 2100 

Bioanalyzer, and copy number was calculated based on amplicon size 

(http://cels.uri.edu/gsc/cndna.html). Standards were serially diluted to 10-10 and run in duplicate 

along with the 24 samples. Copy numbers of the samples were determined using the Roche 

LightCycler® 480 software version 1.5. 

 

http://cels.uri.edu/gsc/cndna.html
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Method A.3: Additional Sequence Analysis Information 

For alpha and beta diversity analyses samples with less than 6300 sequences were not 

considered, this resulted in 4 samples being removed from the analyses (SA top and bottom 345 

days, WA middle 345 days, and A top 345 days). Beta diversity was calculated with QIIME 

using the default weighted metrics167. The resulting weighted UniFrac distance (considers 

relative abundance and presence of taxa) matrices were imported into R for canonical 

correspondence analysis (Fig. 2.3) where a variance threshold of 30 was set168. Spearman 

correlations were used to quantify associations visualized in Figure 4, and were calculated using 

PAleontolocial STatistics software package (PAST) (Tables A.4 A&B). 

The compute_core_microbiome function in QIIME was employed to explore genera that 

were common to all of samples. The avaerage relative abundance of each of the core clades were 

calculated for SA/WA/A and WS/S/W. The Circos169  program was used to explore the 

contribution select clades to the core microbiome of a given substrate permutation. The average 

relative abundance of all core clades for SA/WA/A and WS/S/W are presented in (Fig. A.2).  

ANOSIM (ANalysis Of SIMilarity) test 96 (compare_categories.py) generated R test 

statistics and p-values from 999 permutations was implemented to explore if the community 

structure was significantly different between time points. 

Method A.4: Cellulose and lignin analysis  

Cellulose and lignin were operationally defined. Lignin was defined as the acid insoluble 

organic portion of the solid sample. Cellulose was defined as the acid soluble organic portion of 

the solid sample after hot water extraction was completed on the sample. The hot water 
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extraction protocol used was based on TAPPI Test Method T207. The acid extraction protocol 

used was based on a 72% sulfuric acid hydrolysis (Templeton and Ehrman 1995). 

TAPPI Test Method T207 om-99, "Water Solubility of Wood and Pulp."  In Tappi Test Methods.  

Atlanta, GA:  Technical Association of the Pulp and Paper Industry.  

Templeton, D. and T. Ehrman.  1995.  Determination of Acid-Insoluble Lignin in Biomass:  

Chemical Analysis and Testing Task Laboratory Analytical Procedure (LAP-003), National 

Renewable Energy Laboratory. 

Table A.1: Total aqueous N released from each column for the given time points.  
mg/d N 

Treatment 86d 107d 121d 145d 190d 232d 345d 

WSA 74 5 4 3 1 0 0 

SA 274 21 6 15 3 5 24 

WA 288 15 5 3 2 0 59 

WS 3 1 1 1 1 0 0 

A 549 90 21 17 5 5 16 

S 3 5 1 1 1 3 0 

W 4 1 1 1 1 0 0 
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Table A.2: Sulfide concentrations (mg/L) over the course of the experiment.  

 

 

Table A.3: Average copy number (n=3) of dsrA and 16S each sampling port reveals no trends 
with observed metadata parameters. 
dsrA copy 

number 
A SA WA WSA WS S W 

Port 1 2E+04 2E+03 9E+03 1E+04 3E+03 4E+03 1E+03 

Port 2 9E+03 2E+02 4E+02 4E+03 1E+03 2E+03 6E+03 

Port 3 5E+03 3E+03 3E+03 1E+04 3E+03 4E+03 7E+03 

16S copy 

number 
A SA WA WSA WS S W 

Port 1 2E+05 1E+05 2E+05 2E+05 8E+04 1E+05 1E+04 

Port 3 2E+05 2E+03 8E+03 5E+04 1E+05 8E+04 1E+05 

Port 5 1E+05 3E+04 2E+05 2E+05 8E+04 1E+05 2E+05 

 

DAY 150 183 239 246 274 281 295 323 394 418 428 432 446 458 473 494

A 7 59 0 2 0 0 0 54 27 245 0 56 37 29 40 41

SA 6 55 8 10 1 1 3 3 30 123 0 43 27 24 11 13

WA 0 0 0 0 1 1 7 7 28 48 0 48 37 23 17 5

WSA 0 0 0 0 0 0 0 0 6 25 0 93 127 101 85 56

S 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0

WS 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1 6

W 0 0 0 0 0 0 0 0 0 0 0 0 ND ND 1 0
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Table A.4A: Spearman P-values 
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SRR 0.045

Alfalfa 0.030 0.000

Treponema 0.020 0.000 0.000

Weissella 0.020 0.000 0.000 0.000

Desulfosporosinus 0.400 0.000 0.000 0.000 0.000

Anaerolina 0.040 0.000 0.000 0.000 0.750 0.000

catabacteriaceae 0.003 0.000 0.000 0.000 0.070 0.000 0.000

xanthomonadacae 0.030 0.034 0.000 0.000 0.420 0.000 0.000 0.000

Woodchips 0.170 0.020 N/A 0.003 0.040 0.230 0.000 0.001 0.006

Ruminococus 0.020 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.030

Dysgonomonas 0.210 0.001 0.000 0.000 0.000 0.006 0.001 0.000 0.000 0.000 0.000

Clostridium 0.050 0.130 0.300 0.380 0.700 0.740 0.230 0.080 0.160 0.350 0.210 0.220

Azospira 0.090 0.003 0.000 0.000 0.001 0.001 0.000 0.008 0.000 0.000 0.000 0.000 0.670

Vagococcus 0.020 0.000 0.000 0.000 0.000 0.000 0.130 0.000 0.030 0.130 0.000 0.001 0.320 0.002

clostridiaceae 0.006 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.004 0.001 0.000 0.480 0.004 0.020

lachnospiraceae 0.110 0.000 0.000 0.000 0.170 0.020 0.010 0.001 0.000 0.330 0.000 0.080 0.600 0.060 0.000 0.005

bradyrhizobiaceae 0.050 0.000 0.000 0.000 0.330 0.020 0.000 0.000 0.000 0.590 0.000 0.002 0.020 0.110 0.000 0.000 0.0050
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Table A.4B: Spearman’s correlation values (Spearman’s Rs).  
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Zn_Removal

SRR 0.34

Alfalfa 0.37 0.81

Treponema 0.38 0.75 0.8

Weissella 0.33 0.63 0.69 0.74

Desulfosporosinus 0.15 0.68 0.6 0.71 0.61

Anaerolina 0.34 0.71 0.75 0.61 0.05 0.6

catabacteriaceae 0.490 0.74 0.74 0.78 0.31 0.59 0.7

xanthomonadacae 0.360 0.35 0.73 0.85 0.13 0.75 0.63 0.73

Woodchips -0.24 -0.4 N/A -0.49 -0.36 -0.2 -0.61 -0.53 -0.45

Ruminococus -0.38 -0.64 -0.83 -0.71 -0.68 -0.5 -0.63 -0.73 -0.73 0.36

Dysgonomonas -0.21 -0.54 -0.67 -0.76 -0.66 -0.45 -0.54 -0.69 -0.7 0.6 0.65

Clostridium -0.33 -0.26 -0.2 -0.15 0.06 0.06 -0.21 -0.3 -0.25 0.16 0.22 0.21

Azospira -0.29 -0.49 -0.7 -0.72 -0.55 -0.52 -0.6 -0.67 -0.58 0.72 0.57 0.65 -0.08

Vagococcus -0.38 -0.76 -0.85 -0.69 -0.68 -0.64 -0.26 -0.44 -0.37 0.26 0.79 0.53 0.17 0.52

clostridiaceae -0.460 -0.77 -0.76 -0.69 -0.33 -0.6 -0.64 -0.87 -0.73 0.48 0.55 0.632 0.34 0.47 0.39

lachnospiraceae -0.270 -0.59 -0.6 -0.63 -0.23 -0.4 -0.41 -0.56 -0.73 -0.17 0.73 0.3 -0.09 0.32 0.65 0.46

bradyrhizobiaceae -0.330 -0.66 -0.74 -0.7 -0.16 -0.4 -0.57 -0.72 -0.65 0.09 0.79 0.5 0.38 0.27 0.63 0.6 0.46
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Figure A.1: Cellulose to lignin ratios in the seven columns at day 1 (pastel) and day 345 (dark). 
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Figure A.2: Average rank relative abundance of core clades across column groupings.  
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Figure A.3. Heatmap depicting the relative abundance (log scale) of core clades within depth 
zones and between the different columns.  
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Middle -0.8 -0.7 -0.7 -0.5 -0.8 -0.5 -1 -1.7 -1.5 -1.5 -1.6 -1.6 -1.5 -1.5

Bottom -1 -0.5 -0.9 -0.4 -0.5 -0.4 -1 -0.8 -1.6 -1.5 -1.6 -1.6 -1.5 -1.5
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APPENDIX B SUPPORTING INFORMATION FOR CHAPTER 3 

 

 

 

 

 

 

 

Table B.1. mg of absorbed, exchangeable, carbonate-bound and sulfide-bound zinc per gram of 
substrate in each column and region after 494 days. 

  

Zn AEC A SA WA WSA WS S W

Upper 0.6 40.4 1.4 0.3 0.2 10.2 7.6

Middle 0.5 13.1 11.9 0.2 0.2 12.2 7.2

Lower 0.2 0.6 0.3 0.1 0.2 12.1 7.5

Net 1.4 54.0 13.5 0.6 0.6 34.6 22.3

Zn SB A SA WA WSA WS S W

Upper 205.5 114.3 52.6 27.4 4.9 20.7 2.6

Middle 61.1 88.2 28.1 11.9 6.0 10.5 2.7

Lower 25.4 41.8 16.1 6.7 3.5 6.7 2.4

Net 292.0 244.3 96.8 45.9 14.3 38.0 7.7

mg zinc/g substrate
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Figure B.1. Examples of running average for normalized atomic mass percent results (with 95% 
CI error bars) for a (A) labile carbon source column (SA) and a (B) recalcitrant carbon source 
column (W).   
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Figure B.2. Normalized atomic mass percent of zinc, sulfur, and calcium, for the seven organic substrate permutation columns reveals 
spatial trends in element association (SEM-EDX) at 345 days (A) and 494 days (B). Error bars represent 95% confidence intervals 
with numerical values provided in Table B.1. 
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Table B.2. Average atomic mass percents (n=30) with 95% confidence intervals for zinc, sulfur, 
and calcium at 345 and 494 days. 

 

  

Zinc Upper 95% CI Middle 95% CI Lower 95% CI Upper 95% CI Middle 95% CI Lower 95% CI

SA 49 1.34 69 1.75 66 2.38 67 2.92 66 1.86 49 1.28

WA 48 1.69 5 2.52 55 2.04 73 1.83 76 1.68 42 0.64

A 76 2.59 22 2.36 67 0.87 57 0.49 49 1.22 53 0.94

WSA 10 1.54 2 0.52 55 1.45 54 1.41 48 4.66 45 1.59

WS 10 0.91 29 8.09 72 1.4 48 1.3 16 4.82

S 21 2.91 36 3.84 54 2.21 17 5.81 56 5.1 59 2.82

W 4 6.25 37 6.23 69 0.95 46 3.78 79 0.86 77 2.36

Sulfur Upper 95% CI Middle 95% CI Lower 95% CI Upper 95% CI Middle 95% CI Lower 95% CI

SA 41 0.99 30 1.49 28 2.15 29 1.24 30 1.51 32 1.35

WA 41 1.58 38 1.68 27 0.75 23 1.53 21 1.77 2 0.23

A 23 2.66 44 1.63 15 0.56 37 0.5 40 0.53 36 0.74

WSA 36 2.84 42 1.98 23 0.82 38 1.13 36 4.35 39 1.13

WS 47 0.44 17 2.63 20 1.88 32 0.59 48 9.64

S 46 1.81 42 1.81 26 1.56 44 5.54 26 2.16 25 1.81

W 45 4.81 38 4.38 17 0.63 28 1.9 17 0.76 12 1.92

Calcium Upper 95% CI Middle 95% CI Lower 95% CI Upper 95% CI Middle 95% CI Lower 95% CI

SA 10 0.61 2 0.34 6 0.41 4 1.72 3 0.48 20 0.7

WA 11 1.06 57 1.98 18 1.79 4 0.46 4 0.32 14 0.37

A 1 0.13 34 1.05 18 0.46 5 0.19 12 0.78 11 0.45

WSA 54 2.33 56 1.64 22 0.76 7 0.03 16 2.85 16 1.29

WS 43 0.54 54 5.88 8 0.76 21 0.76 36 7.41

S 33 2.71 22 2.5 21 0.73 39 5.32 18 3 16 1.02

W 50 2.4 25 2.84 15 0.47 26 2.05 5 0.13 11 0.47

NS

NS

494 days345 days

NS
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Table B.3. Chao1 and Shannon indices for different substrates and both time points reveal 
similar diversity estimates for SA/WA/A and WS/S/W for both time points.  

 

  

(A) (B)

WSA SA/WA/A WS/S/W WSA SA/WA/A WS/S/W

Average 10028 10510 11224 Average 7.65 7.99 8.28

SD 365 1427 890 SD 0.26 0.60 0.54

95% CI 413 1250 617 95% CI 0.30 0.52 0.38

WSA SA/WA/A WS/S/W WSA SA/WA/A WS/S/W

Average 11620 10529 10697 Average 8.83 7.90 8.00

SD 454 921 992 SD 0.11 0.31 0.30

95% CI 514 602 648 95% CI 0.13 0.20 0.19

Chao1

345 d

494 d

345 d

494 d

Shannon
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Table B.4. Average Shannon (A) and Chao1 (B) for the upper, middle, and bottom regions at 345 
and 494 days reveal no spatial trends with depth. 

  

Upper Middle Lower

Average 11128 10643 10595

SD 821 904 1464

95% CI 719 793 1171

Upper Middle Lower

Average 11174 10825 10272

SD 4060 434 1126

95% CI 3008 322 834

Upper Middle Lower

Average 6.88 8.10 7.91

SD 3.39 0.50 0.68

95% CI 2.97 0.44 0.54

Upper Middle Lower

Average 8.26 8.10 7.87

SD 0.46 0.34 0.42

95% CI 0.34 0.25 0.31

494d

Shannon

345 d

494d 

Chao1

345d
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Figure B.3 Average relative abundance of Firmicutes (F) and Bacteroidetes (B) at both time 
points for WS/S/W (purple), WSA (orange) and SA/WA/A (green). This reveals an enrichment 
of Bacteroidetes in WS/S/W and Firmicutes in SA/WA/A as well as a temporal shift between 
time points for the transitional column WSA that mirrors zinc removal observations (Table 3.1). 
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Figure B.4 Spatial and temporal abundance of Firmicutes and Bacteroidetes in column WSA 
reveal a relative enrichment of Firmicutes in the middle and bottom.   
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APPENDIX C SUPPORTING INFORMATION FOR CHAPTER 4 

 

Figure C.1 Metals associated with organic substrate at end of experiment (mg metal / g 
substrate). Blue: Sulfide bound fraction Orange: Adsorbed/Exchangeable/Carbonate fraction. 
Dark color: column bottom. Light colors: Column middle. For additional digest data, see SI. 
 
 

 

Figure C.2 Column influent and effluent concentrations of iron from day 12 until the end of the 
experiment. 
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Table C.1. Average sulfide release (µg/L), ±SD, per column throughout the experiment. 

G-1  G-2 SG-1 SG-2  NG -1 NG-2

Sulfide(μg/L) 3839 ± 2941 2659 ± 2261 93 ± 69.9 100 ± 105 50.7± 51.6 38 ± 45.9
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APPENDIX D SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 

 

Figure D.1 Box plots of metals data with respect to each level (A) and region (B) reveal large 
standard deviations contributing to the lack of statistical significance.  
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Figure D.2. G*power test results indicate that to achieve the statistical power (0.8) required to 
reject the H0 (depth/region will not affect SB/AEC metal) thereby avoiding Type II error, 27 
samples would be required (134/5 sample groups). 
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Table D.1. (A)Sulfide-bound metals data (B) Absorbed, exchangeable, carbonate-bound metals data 
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Table D.2A Sulfide bound metal levels and regional comparison P-values for T-tests (below diagonal) and Dunn Test (Bonferroni P-
value) (above diagonal). 
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Table D.2B Sulfide bound metal levels and regional comparison P-values for T-tests (below diagonal) and Dunn Test (Bonferroni P-
value) (above diagonal). 
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APPENDIX E BIO-PROTOCOL MANUSCRIPT IN REVIEW 

PILOT-SCALE FLOW THROUGH COLUMNS WITH INTERMEDIATE SUBSTRATE AND 

AQUEOUS-PHASE PORTS ENABLE TEMPORAL AND SPATIAL GEOCHEMICAL AND 

MICROBIAL ANALYSES OF ANOXIC BIOLOGICAL PROCESSES 

Manuscript in review Bio-Protocol2 

Dina M. Drennan2, Robert Almstrand2, 3, Ilsu Lee4, Lee Landkamer2, Linda Figueroa2 and 

Jonathan O. Sharp2 

Abstract  

Column studies can be employed to query systems that mimic environmentally relevant 

flow-through processes in the natural and built environments. Spatially sampling these systems 

throughout operation, while maintaining the integrity of aqueous and solid-phase samples for 

geochemical and microbial analyses, can be challenging particularly when redox conditions 

within the column differ from ambient conditions. Here we present a pilot-scale column design 

and sampling protocol that is optimized for long-term spatial and temporal sampling within a 

biologically active system designed to precipitate zinc-sulfides as a result of sulfate reducing 

conditions. Importantly, these columns utilize solid-phase coupons in conjunction with anoxic 

microbial techniques to harvest substrate samples while minimally disrupting column operation. 

                                                           
1Reprinted with permission from Bio-Protocol (See S5) 
2Department of Civil and Environmental Engineering Colorado School of Mines, Colorado, 
United States;  
3Department of Forest Mycology and Plant Pathology, Swedish University of Agricultural 
Sciences, Uppsala, Sweden;  
4Freeport McMoRan Inc., Oro Valley, Arizona, United States 
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Background  

Sulfate Reducing Bioreactors (SRBRs) have been employed to mitigate the release 

Mining Influenced Water (MIW) for decades 140. Spatial and temporal sampling of solid-phase 

substrates that reside within these SRBRs enables researchers to observe horizons of metal 

immobilization and shifts in microbial biofilm communities and the evolution of these profiles as 

they related to performance over time. Due to the anoxic nature of these systems and their spatial 

heterogeneity, sampling SRBRs without operational disruption presents many challenges. 

Previously these systems were sampled with limited spatial resolution (i.e. top and bottom) 

potentially excluding seminal processes occurring in regions within 16. While sacrificial sampling 

can surmount this obstacle, it does so at the expense of temporal resolution. Furthermore, spatial 

inquiry into pilot-scale and larger SRBRs is challenging due to difficulty associated with coring 

saturated, heterogeneous organic materials (woodchips, sawdust, hay) and disruptions that can 

result form this form of sample collection.  

  Here we present an experimental design and sampling protocol that circumvents 

the obstacle of coring for temporal and spatial resolution of anoxic systems without minimal 

disruption to flow and anaerobic processes. This was achieved through a pilot-scale experimental 

setup and sampling procedure that incorporates vertically spaced sampling ports for collection of 

liquid and solid substrate at discrete time points. It was employed to examine the performance of 

sulfate reducing bioreactors that treat mining influenced water as a function of organic substrate, 

microbial community structure, water quality, and metal-sulfide precipitation 88. This 

experimental design, which surmounts obstacles of more conventional flow-through column 

systems, could be applied for spatial inquiry into other anoxic pilot-scale systems. 
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Materials and Reagents 

A. Custom column design and construction (materials needed per column) 

1. Natural organic substrates mixed as described in 88 

a. Alfalfa hay(Figure E.1A) 

b. Wood chips (High Desert Investment Company, Phoenix, AZ) (Figure E.1B) 

c. Sawdust (High Desert Investment Company, Phoenix, AZ) (Figure E.1C) 

d. Limestone (Imery’s 3.35-4.95 mm) (Figure E.1D) 

 

Figure E.1. Examples of solid-phase matrix components deployed within columns A) Alfalfa 
hay, B) Woodchips, C) Sawdust, and D) Limestone 
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2. Column head space gas collection system (to scrub released sulfide to prevent unsafe 

amounts of sulfide accumulating) 

a. 10% NaOH solution to capture H2S gas 

 

B. Anoxic columns sampling of aqueous and solid phase samples 

1. 0.45 µm filters (EMD Millipore, catalog number: SLHV033RB) 

2. 10 ml syringes; Luer-Lok® syringes (BD, catalog number: 309604) 

3. 15 ml tubes; Falcon® centrifuge tubes (Corning, catalog number: 352196)  

4. 20% Carbon Dioxide Balance Nitrogen Certified Standard Mixture, Size 300 Cylinder, 

CGA-580 (Airgas, catalog number: X02NI80C3003240) 

5. Plastic funnel (VWR, catalog number: 300009-435) 

6. Parafilm (Bemis, catalog number: PM992) 

7. Aluminum foil (VWR catalog number: 89107-724) 

8. Nitric acid; 69.0-70.0% (Avantor Performance Materials, catalog number: 9598-00) 

9. Ethanol (VWR, catalog number: 200057-586) 

10. De-ionized water 

11. Ice and coolers (for shipping) 

 

C. Separation for geochemical and microbial analysis 

1. 50 ml tubes; Falcon® centrifuge tubes (Corning, catalog number: 352098) 

2. 20% Carbon Dioxide Balance Nitrogen Certified Standard Mixture, Size 300 Cylinder, 

CGA-580 (Airgas, catalog number: X02NI80C3003240) 

3. Ethanol (VWR, catalog number: 200057-586) 

Equipment 

http://www.emdmillipore.com/US/en/product/Millex-HV-Syringe-Filter-Unit%2C-0.45%C2%A0%C2%B5m%2C-PVDF%2C-33%C2%A0mm%2C-gamma-sterilized,MM_NF-SLHV033RB
http://www.bd.com/hypodermic/products/syringeswithoutneedles.asp
http://catalog2.corning.com/LifeSciences/en-CN/Shopping/ProductDetails.aspx?categoryname=&productid=352196(Lifesciences)
https://www.airgas.com/product/Gases/Specialty-Gases/Custom-Gas-Mixtures/p/X02NI80C3003240
http://www.parafilm.com/products
https://us.vwr.com/store/product/4524160/vwr-premium-aluminum-foil
https://www.avantormaterials.com/commerce/product.aspx?id=2147509492
https://us.vwr.com/store/product/18600740/ethanol-for-spectroscopy-anhydrous-denat-with-5-2-propanol-%2B-5-methanol
http://catalog2.corning.com/LifeSciences/en-US/Shopping/ProductDetails.aspx?categoryname=&productid=352098(Lifesciences)
https://www.airgas.com/product/Gases/Specialty-Gases/Custom-Gas-Mixtures/p/X02NI80C3003240
https://us.vwr.com/store/product/18600740/ethanol-for-spectroscopy-anhydrous-denat-with-5-2-propanol-%2B-5-methanol
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A. Custom column design and construction (materials needed per column)  

1.   Clear PVC pipe with a height of 52’’ (1.32 m) inner diameter (ID) 6” (0.15 m) (Figure 

E.2). 

 

Figure E.2. Schematic of Vertical Flow-Through Column Biochemical Reactors. The three ports, 
indicated by circles on the column, were designed for solid substrate retrieval across the z-axis of 
the columns. The five liquid ports are indicated in blue along the side of the column. For 
retrieval of solid substrates, columns were temporally tilted to a horizontal plane using a custom 
built rack to mitigate water pressure complications and resultant loss (Figures E.4 and E.5). 
 

2. Nylon mesh bags (Phifer 48 in x 25 ft. BetterVue Scereen) (Home Depot Product 

Authority, catalog number: 3027671)  
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3. Impulse heat sealer (Packco, Midwest Pacific, model: MP-12) 

4. Tygon tubing for influent and effluent; ¼” ID and 3/8”OD (VWR catalog number: 89403-

862) 

5. Pump tubing for peristaltic pump [4T (size), Blue and White Industry] 

6. Marbles filled the bottom 10 cm of the bottom to prevent clogging the outflow 

7. Fittings (one entry for each type used):   

a. Column bottom fittings 

b. 3-way valve for effluent sample (Figure E.3A) 

c. Valve for liquid sampling from side port (Figure E.3B) (5 per column) 

d. Solid sample port (Figure E.3C) (3 per column) 

 

Figure E.3. Sample ports for liquid and solid substrate retrieval. A. 3-way valve to sample 
effluent, B. Intermediate liquid sampling port, C. Position of intermediate solid-phase sampling 
port in conjunction with liquid sampling ports, D. Side profile of a solid-phase port before 
substrate was added to columns.  
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1. PVC sample ports allowing for flow through and sample retrieval (Figure E.3D) 

2. Pump (Flex Flow, max feed 2.3 GFD, Blue and White Industry) (one per column) 

3. Feed tank (250 gal HDPE drum) one tank for all columns.  

4. Effluent collection tanks (30 gal HDPE drum) 

5. Custom welded frame (52” height) to hold columns and enable pivoting for sampling 

(Figure E.4A and B). 

 

 

Figure E.4 Pilot scale deployment of apparatus detailing A. Column frame before columns; B. 
Column frame after columns and plumbing were established. 
 

6. Column head space gas collection system (to scrub released sulfide to prevent unsafe 

amounts of sulfide accumulating) 

a. 250 ml filter flask stopper No. 6 (Kimax Chase Life Science and Research 

Products, catalog number: 27060) 

http://www.kimble-chase.com/advancedwebpage.aspx?cg=3342&cd=4&SKUTYPE=202&SKUFLD=SKU&DM=1250&WEBID=10106
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b. FEP gas bag 6 x 6 on/off (Labpure) (Saint-GoBain, catalog number: D1075002-

10) https://www.fishersci.com/shop/products/saint-gobain-chemware-fep-gas-

sampling-bags-6/109232 

 

B. Anoxic columns sampling of aqueous and solid phase samples 

1. Heavy-Duty Single-Stage Gas Regulator (VWR, catalog number: 55850-277) 

2. PVC hose ¾ in ID (VWR, catalog number: 89068-590) 

3. Write-On bags (Nasco, Whirl-Pak®, catalog number: B01196WA) 

4. Vacuum sealer ( Manufacturer Rival  Model #: FSFGSL0150-015) 

5. Vacuum bags ( Manufacturer: Seal-A-Meal (11-Inch by 9-Foot Rolls, 2pk)) 

6. Dissecting forceps; VWR® Dissecting Forceps, Fine Tip, Curved (VWR, catalog number: 

82027-406) 

7. Needle nose multi-tool; Multi-Plier® 600 Needlenose Pliers, Gerber® (Gerber Item # 

47550N)) http://www.gerbergear.com/Multi-Tools/One-Hand-Opening/MP600_47550N 

8. Bic Classic lighters 

9. Sharpie® Permanent Ink Pen (VWR, catalog number: 500020-888)  

10. Spray bottle (VWR, catalog number: 23609-182) 

 

C. Separation for geochemical and microbial analysis 

1. Anaerobic chamber (Sheldon Manufacturing, model: Bactron Anaerobic/Environmental 

chamber) 

2. Scale (OHAUS, model: ES 100 L) 

3. Large weigh boats (VWR, catalog number: 10803-168) 

https://www.fishersci.com/shop/products/saint-gobain-chemware-fep-gas-sampling-bags-6/109232
https://www.fishersci.com/shop/products/saint-gobain-chemware-fep-gas-sampling-bags-6/109232
https://us.vwr.com/store/product/4777318/vwr-heavy-duty-single-stage-gas-regulators
https://us.vwr.com/store/search/searchResultList.jsp?_dyncharset=UTF-8&_dynSessConf=-2747179172048944024&keyword=89068-590&search.x=foo&%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=and&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=+&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.x=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.y=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=goButton&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=+&_DARGS=%2Fstore%2Fcms%2Fus.vwr.com%2Fen_US%2Fheader_201691133144198.jsp.searchForm
https://www.enasco.com/product/B01196WA
https://us.vwr.com/store/product/4526522/vwr-dissecting-forceps-fine-tip-curved
http://www.gerbergear.com/Multi-Tools/One-Hand-Opening/MP600_47550N
https://us.vwr.com/store/search/searchResultList.jsp?_dyncharset=UTF-8&_dynSessConf=-2747179172048944024&keyword=500020-888&search.x=foo&%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=and&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=+&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.x=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.y=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=goButton&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=+&_DARGS=%2Fstore%2Fcms%2Fus.vwr.com%2Fen_US%2Fheader_201691133144198.jsp.searchForm
https://us.vwr.com/store/product/4589068/vwr-adjustable-spray-bottle
http://shellab.com/product-category/categories-1-bactron-chambers/
http://shellab.com/product-category/categories-1-bactron-chambers/
http://us.ohaus.com/en-us/products/balances-scales/bench-scales/es-series/es100l-am
https://us.vwr.com/store/search/searchResultList.jsp?_dyncharset=UTF-8&_dynSessConf=-2747179172048944024&keyword=10803-168&search.x=foo&%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=and&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.searchRequest.searchOperator=+&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.x=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch.y=0&%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=goButton&_D%3A%2Fvwr%2Fsearch%2FSearchFormHandler.keywordSearch=+&_DARGS=%2Fstore%2Fcms%2Fus.vwr.com%2Fen_US%2Fheader_201691133144198.jsp.searchForm
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4. Scissors; VWR® Dissecting Scissors, Sharp Tip, 4½" (VWR, catalog number: 82027-

578) 

5. Needle nose multi-tool; Multi-Plier® 600 Needlenose Pliers, Gerber® (Gerber Item # 

47550N)) http://www.gerbergear.com/Multi-Tools/One-Hand-Opening/MP600_47550N 

6. Dissecting forceps; VWR® Dissecting Forceps, Fine Tip, Curved (VWR, catalog number: 

82027-406) 

7. Spray bottle (VWR, catalog number: 23609-182) 

 

Procedure 

A. Sample bag design 

1. Determine the mass of material needed for analyses, and ensure sample bags contain at 

least that amount. In this case 3 inch by 3 inch bags are sufficient for the 1g of material 

used for digests and 0.5 g x 3 for DNA extraction. Remaining material was anaerobically 

archived. 

2. Pack material homogenously in nylon bags and ensure the sample material is consistent 

with rest of the column material. Four bags are put in each sample port at the beginning 

of the experiment. 

3. Record dry mass.   

4. Prepare extra bags for replacing harvested samples during experimental operation in 

order to minimize resultant flow perturbations. 

5. Pre-soak bags before packing them into sample ports to account for expansion, record 

wet mass. 

 

B. Liquid sample retrieval for Inductively Coupled Plasma Spectroscopy (Aqueous metal 

analysis) Perkin Elmer Optima Model 5300 with a dual view spectrometer is used 

1. At least 2 people are needed for sample retrieval.  

2. Ensure pumps are turned off and liquid is flowing freely to avoid pulling a vacuum. 

3. Harvest liquid samples before substrate to circumvent any flow effects.  

https://us.vwr.com/store/product/4527621/vwr-dissecting-scissors-sharp-tip-4-sup-1-sup-sub-2-sub
https://us.vwr.com/store/product/4527621/vwr-dissecting-scissors-sharp-tip-4-sup-1-sup-sub-2-sub
http://www.gerbergear.com/Multi-Tools/One-Hand-Opening/MP600_47550N
https://us.vwr.com/store/product/4526522/vwr-dissecting-forceps-fine-tip-curved
https://us.vwr.com/store/product/4589068/vwr-adjustable-spray-bottle
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4. Flush a 10 ml syringe with N2/CO2 gas mix 3 times, letting the gas push the plunger up. 

5. Attach funnel to tubing to ensure gas is dispersed over the area of concern. 

6. Continually flush a 15 ml conical with N2/CO2 mix while collecting 10 ml of liquid with 

flushed syringe. 

7. Attach 0.45 µm filter to the syringe containing the sample and dispense filtered sample 

into the 15 ml tube while it is being flushed. 

8. Lower the pH of the sample to 2 with nitric acid (a couple drops of 70% nitric acid). 

9. Screw on the cap and Parafilm over lid for transportation. 

 

C. Liquid collection for sulfate, sulfide, total nitrogen   

1. Ion chromatography (Dionex ICS-900). 

2. Total nitrogen: Hach DRB 200 (digester). 

3. Total Nitrogen Acid Solution Reagent Set 2672145 DR 2400 Portable Spectrophotometer. 

4. Flush a syringe three times with the gas mix. 

5. Flush 50 ml tubes while collecting liquid with the flushed syringe. 

6. Fill 50 ml tube allowing no head space. 

7. Screw on lid and Parafilm for transportation. 

8. Wrap in aluminum foil to prevent photooxidation of sulfides. 

9. Warning: Do not freeze tubes without headspace, they will expand and break. 

10. Run these samples as soon as possible (within 48 h). 

 

D. Solid substrate retrieval for geochemical and molecular analyses 

1. Ensure influent water flow is turned off. 

2. Tilt the column on the rack so that it is parallel to the ground (Figure E.5). 
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Figure E.5 Dr. Linda Figueroa tilting column horizontally for sample bag retrieval 

3. Have one person hold the gas line over the sample port before it is open. 

4. The second person will open the sample port, and using flame sterilized forceps/pliers 

retrieve the sample bag.  

5. Place the sample bag into a pre-flushed Whirl-Pak®.  

6. Push out most of the air and “whirl” the bag around the wire per instructions. 

7. Place Whirl-Pak-ed sample into vacuum bag and seal using vacuum sealer. 

8. Put the anoxically sealed sample on ice immediately for molecular analyses. 

9. Replace the harvested sample with a marked extra sample bag as a place holder.  

10. Replacement bag should not be collected as a sample, as it would not have been in 

contact with the reactive substrate as long as the other sample bags. 

 

E. Separating substrate samples for geochemical and molecular analyses 
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1. Bring defrosted solid-phase samples into the anaerobic camber (95%:5% N2:H2) with 

ethanol spray bottle, 50 ml tubes, 15 ml tubes, forceps, pliers, scissors, weigh boats, and 

scale.  

2. Loosen 50 ml and 15 ml tube tops before putting them in the evacuation unit in order to 

remove accelerate their equilibration with the anoxic atmosphere.  

3. Inside the anaerobic chamber use sterilized scissors to cut open vacuum seal bags. 

4. Remove sample bag from Whirl-Pak®, keeping the Whirl-Pak® intact. 

5. Cut open nylon sample bag with sterilized scissors.   

6. Put substrate in large disposable weigh boat and homogenize. 

7. Retrieve material for DNA extraction with sterilized forceps/pliers, and place inside pre-

tared 50 ml tube. Here 5 g wet weight was used for DNA extraction. 

8. Set aside DNA extraction tube, and collect 1 g of material for geochemical extractions 

and place in pre-tared 15 ml tube. 

9. Seal the 15 ml tube with Parafilm.  

10. Replace the remaining material back in the Whirl-Pak®. 

11. Vacuum seal the Whirl-Pak® after coming out of the anaerobic chamber and archive 

remaining material at -20 °C for extra analyses etc.  

12. Freeze material for molecular analyses, unless they will be performed immediately. 

 

Representative Data and Analysis  

Data collection and analysis encompassing microbial and geochemical properties was performed 

as described in (Zhou 1996 and Drennan et al 2016). Reactors were characterized by a 

temporally stable community structure (as discerned using the16S rRNA gene) comprised of a 
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rich organoheterotrohic community that maintained a syntrophic relationship with sulfate 

reducing bacteria. Columns with greater than 10% alfalfa hay were characterized as having better 

zinc removal than columns dominated with woodchips. These two substrates selected for 

significantly different bacterial communities from one another (Drennan et al 2016). 

Notes 

1. Liquid should be sampled before solid substrate is collected to circumvent flow 

perturbations resulting from pulling reactive material.  

2. We advocate for an excess of 3 pore volumes of flow between sampling events, as this is 

a potentially disruptive sampling protocol.  

3. Genomic DNA was amplified in triplicate, if a replicate did not amplify it was not 

included in the pooled product to be sequenced.  

4. Sequencing data was rarefied to 6300 sequences for further bioinformatic analysis, any 

samples with less sequences than this were not excluded from further analysis. 

Determining what number of sequences to rarefy to is a balance between achieving a 

diminishing return in alpha diversity and maintaining as many samples as possible.    

5. In some cases the metal concentrations of interest may exceed the limits of the ICP 

(particularly for influent). These samples can be diluted with DI water 10:1 (DI:sample) 

to drop below this threshold.  

6. Similarly, liquid from the geochemical digests of the solid-phase substrates taken from 

the columns was more often than not diluted at least 10:1 due to the high sodium 

concentration from sodium acetate extraction step as it interferes with the sodium reading 

170. 
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