Linkages between Acid and Metal Load Reductions from AMD Attenuation to Ecological Recovery in Little Raccoon Creek, Ohio.
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Abstract

Acidic mine drainage (AMD) from pre-law coal mines wiped out aquatic communities in the lower 24 miles of Little Raccoon Creek in the mid 1900’s. Data collected in the 1950’s by the Ohio Division of Wildlife, showed non-existent or sparse fish populations due to high levels of acidity and metals related to AMD.  With the enactment of SMCRA in 1977, environmental controls on coal mining reduced additional AMD loads.  However, biological data collected in 1984 and 1985 by Ohio EPA still showed highly impaired aquatic ecosystems and high acid loads. Water quality improvements began to occur in the 1990’s with AMD loads decreasing due to natural attenuation of abandoned surface mine spoil and reclamation efforts by state and federal agencies. In response, 1999 data showed aquatic organisms beginning to re-populate Little Raccoon Creek in areas where they had not existed for many decades.

With the inception of the Raccoon Creek Partnership in the late 1990’s, AMD projects were implemented with the purpose of restoring the ecological integrity of Little Raccoon Creek.  To date, a total of six large-scale AMD treatment projects have been implemented, and acid loads have been reduced by 4,065 pounds per day.  Aquatic life recovery has been most notable in the lower 13 river miles, where net-alkalinity, total iron, and total aluminum water quality criteria are met.  Between river miles 13 – 24 where the majority of AMD sources originate, biological improvement has occurred but is far from attaining Ohio EPA criteria for warm-water habitat.  Chemical and habitat data show high total aluminum and iron concentrations in this reach, which is likely preventing full ecological recovery through direct toxicity to organisms and by flocculants impairing substrate habitat.  Reducing metal concentrations must be an integral part of future AMD treatment projects to enhance biological communities in Little Raccoon Creek.

_________________
This paper was originally presented at the 2008 USEPA/NGWA Remediation of Abandoned Mine lands Conference, Oct 2-3, 2008, Denver, CO.
Introduction

The eastern coal region extends through parts of Alabama, Virginia, Tennessee, Kentucky, West Virginia, Ohio, Pennsylvania, and Maryland. Rich deposits of coal have been mined in this region for the last 150 years but adequate environmental controls over mining practices have only been in place for the last 30 years. The final legacy of unregulated coal mining has been described as “environmental devastation” and “economic abandonment” in the eastern coalfields (Comp 2000). Thousands of miles of streams and rivers are adversely affected by acid mine drainage (AMD) emanating from a multitude of abandoned strip mines and underground mines. The United States Environmental Protection Agency conducted a biological study of the northern Appalachian Region in 1995 and found more than 5,100 miles of streams affected by acid mine drainage (USEPA 1995). 

The coalfields of Ohio are located on the northern boundary of the eastern coal region and extend over 12,340 square miles in the eastern and southeastern part of the state. To provide a measure of the magnitude of the problem, 3.4 billion tons of coal was mined in Ohio from 1800 to 1993 (Crowell 1995). The brunt of acid mine drainage generation in the Ohio coalfields have been and continue to be born by the Hocking River and the Raccoon Creek Watersheds (USEPA 1995). The Raccoon Creek Watershed drains 683 square miles in southeast Ohio and discharges into the Ohio River near Gallipolis, Ohio. 

The largest tributary in the watershed is Little Raccoon Creek, which is 38 miles long and drains 157 square miles of Vinton, Jackson, and Gallia Counties (Map 1). 

The Little Raccoon Creek basin has been extensively timbered and mined for iron and coal since the latter part of the 19th century. As a result, sedimentation and acid mine drainage have proven detrimental to the health of Little Raccoon Creek. The decline of coal mining, the passage of time, and the enactment of SMCRA have improved the quality of Little Raccoon Creek, but much work still remains. 

The Raccoon Creek partnership (RCP) was formed in 1996 to address abandoned coal mines and associated acid mine drainage issues in the Raccoon Creek Watershed. This core partnership consists of elements from Ohio Department of Natural Resources Division of Mineral Resource Management, Division of Wildlife, Division of Soil and Water Conservation, Ohio Environmental Protection Agency, Ohio University’s Voinovich School of Leadership and Public Affairs, the Vinton Soil & Water Conservation District, and others, to fulfill their mission: “to work toward conservation, stewardship, and restoration of the watershed for a healthier stream and community.”  In 2007, the RCP incorporated and became a nonprofit (501(c)(3)) organization.  The partnership funds projects through a number of grant sources including the Ohio EPA 319 clean water program, Ohio Abandoned Mine Land Fund, and the OSM Appalachian Clean Streams Initiative. 

Map 1: Little Raccoon Creek
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Geology

Southeast Ohio is underlain by sedimentary rocks of Pennsylvanian and Permian-age (250-150 mya) that dip to the southeast at 30-40 feet per mile (DeLong 1957).  The Allegheny Formation underlies the majority of the Little Raccoon Creek Watershed and contains all of the economically important coal seams in the basin. The Allegheny coal beds include the following seams in order of decreasing age: the Brookville coal (no. 4), the Clarion coal (no. 4a), the lower Kittanning coal (no. 5), middle Kittanning coal (no. 6), the lower Freeport (no. 6a), and the upper Freeport coal (no. 7). The Allegheny Formation is mainly comprised of shale and clay, followed by sandstone (40%), a small amount of bituminous coal, and a lower percentage of carbonate material (Stout 1916, Sedam 1991). This lack of carbonate material and the presence of high sulfur coal (1% - 4%) make this basin particularly vulnerable to the effects of acid mine drainage (Childress 1985). Little Raccoon Creek is located within the unglaciated Western Allegheny Plateau Ecoregion and although the landscape topography is steep, the gradient of Little Raccoon Creek is about 4.2 feet per mile.  

Mining History

Coal production in Jackson County peaked in the years surrounding 1903 with over 2.4 million tons shipped in that year alone. After 1910, coal mining steadily declined until the rise of strip mining methods in the 1950’s. Strip mining has increased in recent years but has yet to reach the total output achieved in the early part of the last century. A total of 93.2 million tons of coal was mined in the county between 1820 and 1993, of which 65% (60.3 million tons) was mined by underground mining methods and 35% (32.9 million tons) by surface mining methods (Crowell 1995). 

A large portion of the historical mining in Ohio occurred without any state or federal regulation governing the actual mining or post-mining condition of the affected lands. Ohio’s first mining and reclamation law was passed in 1948 but required very little of coal operators. The state required a monetary performance bond of $100/acre, limited grading of spoil material, and some tree plantings on the disturbed area.  However, pit floors and high walls were allowed to remain. In 1965, the Ohio General Assembly (OGA) revised the requirements commonly referred to as A-law. Under the revised law, operators were required to post a performance bond of $300/acre, grade spoil piles, burial of the pit floor, and the establishment of vegetation (trees, shrubs, legumes, or grasses) on the spoil banks and last cut excavations. In 1972, the OGA created a more stringent mining and reclamation standard commonly referred to as B-law. The B-laws required a yearly license, a variable rate performance bond, elimination of all high walls, burial of pit floors, restoration of the original land contour, replacement of topsoil, the establishment of vegetation, and the prevention of pollution to the waters of the state. In 1975, the OGA updated the law to allow for 5-year permits instead of year licenses. All other reclamation requirements remained the same under the new law commonly referred to a C-law. In 1977, the United States Congress passed the Surface Mining Control and reclamation Act (SMCRA), which was largely modeled after Ohio’s 1972 B-law requirements. The passage of SMCRA essentially created a nationwide standard for reclamation and created the Office of Surface Mining as a regulatory agency. The OGA adopted the new standards in 1981 but little changed with the exception of an addition of sediment retention ponds, a detailed pollution prevention plan, a performance bond of $2500 per acre, and the collection of coal severance tax. 

Underground drift mining was the dominant method for mining above-drainage coal in Ohio until the end of World War II, but was quickly replaced by strip mining methods as post-war technology provided mining companies with larger and more powerful equipment (Crowell 1995). Surface mining methods utilize high explosives, stripping shovels, loading shovels, and large draglines to remove overburden and expose the underlying coal. The stripping method removes 100% of the coal as compared to underground methods, which, at best, removes only 50% - 70% of the mineable reserves (Morrow 1956). The drawback is the complete disruption of surface drainage patterns and groundwater pathways. 

According to the USGS mine map series, the Little Raccoon Creek basin has approximately 9,800 acres of underground mines and 9,000 acres of surface mines.

Methodology

Data utilized for this analysis consists of chemical, physical, and biological data collected from three sources: Ohio Environmental Protection Agency (OEPA), U.S. Geological Survey (USGS), and the Raccoon Creek Partnership (RCP).  The historical data, pre 1990’s, was collected by OEPA and USGS.  The more recent data was collected by all sources but primarily by RCP.  

Chemical data

The RCP collected chemical water quality data along mainstem long-term monitoring stations at a minimum of two events per year.  Short-term monitoring stations established near restoration project discharges were monitored more frequently, between two and twelve sampling events per year.  Chemical grab samples were collected and sent to OEPA’s certified ODNR Division of Mineral Resources Management laboratory in Cambridge Ohio for Group I analysis.  Group I water quality analysis includes pH, specific conductivity, acidity, alkalinity, hardness, aluminum, iron, manganese, sulfate, calcium, magnesium, total dissolved solids, and total suspended solids.  Field parameters including dissolved oxygen, pH, conductivity, and temperature were measured either with a multi-probe Hydrolab Quanta datasonde or a YSI 600 XLM meter.  USGS and OEPA collected both field and laboratory samples following their respective agency’s standard procedures (OEPA, 2003 and USGS, 1999).
Biological data

Biological data was collected by both OEPA and USGS.  Fish (IBI & Miwb) and macroivertebrate (ICI) data were collected and analyzed using Ohio EPA protocols outlined in Volume II: Users Manual for the Biological Assessment of Ohio’s Surface Waters (Ohio EPA 1987, 1989, & 2006) and Volume III: Standardized Biological Field Sampling and Laboratory Methods for Assessing Fish and Macroinvertebrate Communities (Ohio EPA 1987, 1989, 2006). Additional family-level macroinvertebrate sampling was conducted following the Macroinvertebrate Aggregated Index for Streams (MAIS) methodology (Smith & Voshel, 1997).  
Physical data

Qualitative Habitat Evaluation Index (QHEI) data were collected in the same reach as the fish sampling sites.  QHEI sampling followed standard Ohio EPA protocols (Rankin 1989, Ohio EPA 2006).  Instantaneous discharge measurements were recorded by the RCP, OEPA, and USGS at the time chemical water samples were collected using either a pygmy meter, AA meter, and/or cutthroat Baski flume following standard procedures (USGS, 1982 and 1984 and Kilpatrick, 1983).

Raccoon Creek Watershed Project

Priority Subwatersheds

There are 22 major tributaries or subwatersheds that comprise the bulk of the Little Raccoon Creek drainage basin. Continuous water quality monitoring by the Raccoon Creek partners over the last ten years has narrowed the acid mine drainage focus to six subwatersheds that are contributing significantly to the degradation of Little Raccoon Creek. These basins include Flint Run, Buffer Run, Middleton Run, Mulga Run, and SR 124 tributary (Map 1). In addition to the severity of the water quality is the fact that all six tributaries discharge along an 11.5-mile section of Little Raccoon Creek in Jackson County (RM 13.0 – RM 24.5).  The post-surface mining condition of the affected lands in the Little Raccoon Creek basin include thousands of acres of unreclaimed surface mining lands with exposed high walls, exposed pit floors, toxic piles of overburden, closed contour impoundments, acidic-water filled pits, and large valley-fills used to dispose of rejected coal refuse.  All underground mining occurs above drainage with many underground mines discharging acid mine drainage into the basin.

Acid Sources and Load Reductions

The Raccoon Creek Partnership has implemented 6 AMD treatment projects in the Little Raccoon Creek Watershed since 1999.  Table 1, shows the name of the project, brief treatment description and year completed. Further project details such as treatment, costs, design, and construction companies are on the NPS website at www.watersheddata.com under Reports/Raccoon Creek.

Table 1:  Completed AMD Projects in the Little Raccoon Creek Watershed

	AMD Project Name
	Brief Description of Treatment
	Year Completed
	Total Cost
	Acid Load Reduction lbs/day

(%  load reduction)
	Metal Load Reduction lbs/day 

(% load reduction)

	Buckeye Furnace 

(Buffer Run)
	Reclamation, Successive Alkaline Producing System (SAPS)
	1999
	$1,090,530
	1549

(76%)


	236

(53%)

	SR124 Seeps project
	Reclamation, Open Limestone Channels (OLC)
	2001
	$315,490
	82

(55%)
	13

(50%)

	Mulga Run
	2 Steel Slag Leach Beds (SLB), Wetland Enhancement
	2004
	$440,783
	10

(100%)
	177

(57%)

	Middleton Run (* accumulative three discharges at Salem Road)
	Reclamation, OLC, Steel Slag Channel, Limestone Leach Bed (LLB)
	2005
	$687,913
	334

(90%)
	46

(73%)

	Flint Run East
	Reclamation, SLB, LLB, SAPS, OLC, Wetland Enhancement
	2006
	$1,456,106
	803

(99%)
	109

(33%)

	Lake Milton
	SAPS, SLB
	2007
	$961,536
	1287

(99%)
	102

(93%)


Results

Historical Water Quality Trends

Water quality data in Little Raccoon Creek date back to the early 1950’s with the first study conducted by the Ohio Division of Wildlife (Ohio DOW 1954).   Monitoring began again in Little Raccoon Creek in the early 1970’s with a few samples and began in earnest in the late 1970’s.  As an overall analysis of historical water quality, Little Raccoon Creek has displayed two trends: (a) chemical water quality and aquatic communities throughout much of the mainstem have been degraded by mining pollution (AMD and metals) with the lower 24 miles being the most impacted, and (b) the water quality with relation to mining pollution has improved dramatically over the past three decades and as a result, the aquatic ecology has improved.

Data collected in Little Raccoon Creek from the early 1970’s to the present document decreased levels of total acidity, higher concentrations of total alkalinity, and higher pH.  This is best represented in the lower reaches of Little Raccoon Creek at sampling sites at river mile 1.17 and river mile 12.71 (Figures 1 - 4), where the most historical data exists.  Early data from the late 1970’s to early 1980’s indicate a time period where pH was lowest and total acidity concentrations were highest throughout Little Raccoon Creek.  Total acidity ranged from 0 – 140 mg/l and pH ranged from 3 to just below 6 during this early time period.  Data at additional sites, although sparse, indicate that pH was lowest in the lower 18.5 river miles but was impaired to some degree at all sites measured downstream of river mile 24.55.  The majority of mining occurred in the basin downstream of river mile 24.55 and this sampling site has maintained a net 30 mg/l total alkalinity concentration since first sampled in the mid 1980’s.  Data collection in the mid and late 1990’s by both Ohio EPA and USGS showed a noticeable increase in pH and decrease in total acidity (increase in total alkalinity) at river mile 1.17 and 12.71.   Total alkalinity also improved slightly at river mile 19.5 but remained fairly constant at river mile 22.15 and sites upstream. 

Aquatic biology data follow the same trend as the chemical data with improved conditions over the past three decades.  Biological data collected in 1984 (includes six fish sites (IBI) and three macroinvertebrate sites (ICI) by Ohio EPA) show extremely impaired aquatic communities, but improve in the 1990’s, and by 2002- 2007 drastically improve at most sites (Figure 5).  The lower section of Little Raccoon Creek was essentially devoid of aquatic communities in 1984 and the entire stream was impaired even upstream of major AMD sources.  As a general trend, IBI scores are highest upstream of river mile 24 and lowest at river mile 11 and 1.17.  Both of the lower sites scored a 12 for the metric, which is the lowest possible score and only two fish species were documented.  None of the sites met established criteria for the Warm Water Habitat (WWH) use designation for the state of Ohio.  ICI scores showed similar conditions with all scored below 20 out of a possible 60 and river mile 11 receiving the lowest score. IBI and ICI scores increased significantly from 1984 to 1995.  The IBI at river mile 24.55 improved only slightly from a 32 in 1984 to 36 in 1995, however the IBI dramatically increased from a 12 in 1984 to a 37 in 1995 at river mile 11.0.  ICI scores improved at all sites as well in 1995 with the best scores above river mile 24.  All fish and macroinvertebrate index scores remained below WWH criteria in 1995.  Most recent IBI data (2005 – 2007) shows full recovery of fish to meet WWH criteria at river mile 12.7 and 1.17.  ICI scores from 1999 shows similar results with the lower 13 river miles attaining WWH criteria.

	Figure 1: Little Raccoon Creek 

pH Data at RM 1.17
	Figure 2: Little Raccoon Creek 

pH Data at RM 12.71
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	Figure 3: Little Raccoon Creek 

Total Acidity & Alkalinity at RM 1.17
	Figure 4: Little Raccoon Creek 

Total Acidity & Alkalinity at RM 12.71
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	Figure 5. IBI Scores in Little Raccoon Creek: 1984 - 2007
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Improving water quality in Little Raccoon Creek over the past three decades is a direct result of several factors within the watershed including: federal and state mining regulation laws, reclamation of abandoned mine lands in the watershed, re-mining (resulting in reclamation of abandoned sites), and AMD treatment projects by the Raccoon Creek Partnership.   The federal mining regulation law (SMCRA 1977) limited new sources of AMD from 1977 forward, while state and federal agencies began reclaiming abandoned mine sites in the watershed in the early 1980’s.  This reclamation typically consisted of regrading and re-vegetating the site to reduce erosion.  Many sites were planted with trees, as well, as part of the reforestation program.  In addition to state and federal agency efforts, some mining companies re-mined areas where economic beds of coal were left and reclaimed the abandoned mines as part of the process.  One particular site is the Broken Aro tipple site located in the Flint Run subwatershed.  Mead Paper Company bought the site to test its paper mill sludge as a soil medium for reclaiming abandoned surface mine sites.  Mead applied the sludge to the 140 acre tipple site and re-vegetated the site.  Although this reclamation was not designed to treat AMD it did improve water quality and reduce acid loads from the site.

Current Water Quality

Little Raccoon Creek long-term monitoring efforts have been underway since 2000 with the first basin-wide study to evaluate and prioritize AMD projects in the watershed (Laverty, 2000).  As AMD implementation projects were developed and implemented by the Raccoon Creek Partnership, additional long term stations were developed and frequency of chemical sampling increased to two – four times per year.  A total of six AMD treatment or abatement projects have been constructed since 1999 in the basin, with the most recent completed in 2007.  These six projects occur in 5 tributaries to Little Raccoon Creek: Mulga Run, Middleton Run, Flint Run (2 projects), SR124 tributary 

	Figure 6: AMD Load Reduction in

Little Raccoon Creek Watershed
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 (unnamed tributary to Little Raccoon Creek), and Buffer Run. Acid load reductions total over 4,000 lbs/day (730 tons/year) based on data collected at the mouth of each tributary where AMD treatment projects were sited (Figure 6).  Acid load reductions were calculated using a regression for pre and post data normalized based on the mean annual daily discharge for the site (Stoertz, 2004).

The ultimate goal of AMD treatment and acid reduction projects is to restore the ecological integrity of Little Raccoon Creek.  Attainment status of surface waters in Ohio is based on biological criteria and thus is the end result for restoration efforts.  Although natural attenuation, reclamation, and AMD treatment projects mentioned above have significantly improved water quality in Little Raccoon Creek, the stream has not fully recovered.  Downstream of RM 12.7 and upstream of RM 24.4 biological criteria attain and have proven that restoration is possible in the stream.  However, Little Raccoon Creek does not meet biological criteria for fish from RM 22.2 to RM 18.7 based on IBI (40 – Boat) or Miwb (8.3) scores (Figure 7).  This corresponds with the region where mining was heavy and AMD sources are abundant.  Habitat data does not appear to be the limiting factor in fish community recovery in Little Raccoon Creek with Qualitative Habitat Evaluation Index (QHEI) scores at or above the statewide criteria for warm-water habitat of 60.  Macroinvertebrate data correlate with the fish data, with MAIS scores falling mostly within the “poor” category, with the exception of RM 18.7 which scores “good” in 2007 (Johnson pers. communications 2008).

Current (2005 – 2008) chemical water quality data in Little Raccoon Creek indicate adequate buffering capacity exists throughout the stream (RM 24.55 – 1.17) to support warm-water habitat biota.  Net-alkalinity concentrations decrease at each downstream site for most sampling events as AMD tributaries enter Little Raccoon Creek between RM 24.55 and RM 12.71, but concentrations remain above 20 mg/l at all times from 2005 – 2008 (Figure 8), which is a target concentration established by Ohio EPA for the TMDL for the adjacent Upper Basin of Raccoon Creek TMDL (Ohio EPA 2003).  Analysis for the TMDL for the Upper Basin of Raccoon Creek demonstrated that sites that maintained a net alkalinity concentration of 20 mg/l maintained high pH values and typically met Ohio EPA biological criteria for warm-water habitat.  This analysis holds true in relation to pH in Little Raccoon Creek with pH (lab measured) readings above 6.5 at all sites for all sampling events (Figure 9).

	Figure 7: 2007 Little Raccoon Creek

Fish and Habitat Data
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Heavy metals such as iron, aluminum, and manganese are often associated with mine drainage in the Raccoon Creek basin based on the local geology.  Total manganese data from 2005 – 2008 in Little Raccoon Creek indicate low and fairly stable concentrations below the 2.0 mg/l drinking water standard established by U.S. EPA.  A water quality standard or criteria for the protection of aquatic life does not exist for total manganese.  Only 10% of the Little Raccoon Creek sites exceeded the drinking water standard.  Total iron concentrations are higher and more variable in Little Raccoon Creek (Figure 10).    Iron concentrations spike at RM 19.5 and 18.5, downstream of the Flint Run and Buffer Run AMD tributaries, but continue to decrease further downstream in Little Raccoon Creek.  Total iron exceeds the U.S. EPA concentration maximum criteria (cmc) at all sampling stations during at least one sampling event but far exceed the criteria at RM 19.5 and 18.5.  These two sites do not attain Ohio EPA WWH criteria for fish and macroinvertebrates, which may be related to the high iron concentrations. However, Ohio EPA does not have an established criteria concentration for the protection of aquatic life for total iron.  

Aluminum concentrations occur in Little Raccoon Creek at levels that would impair aquatic life according to U.S. EPA criteria for continuous and maximum concentration criteria (0.087 and 0.75 mg/l respectively (Figure 11)).  All sites exceed the criteria continuous concentration (ccc).  The four sampling sites that are attaining WWH criteria scores for fish (and have “good” macroinvertebrate community rankings) have maximum concentrations of total aluminum below 0.4 mg/l for all but one event, RM 1.17 at 0.62 mg/l on 3/7/05.  These four sites do not exceed the U.S. EPA cmc of 0.75 mg/l during any single measurement from 2005 – 2008.  This data indicates that total aluminum concentrations are elevated in Little Raccoon Creek between river mile 19.5 and 22.3 and are likely a limiting factor for complete biological recovery in the stream in this section. 

	Figure 8: Net-alkalinity Concentration in Little Raccoon Creek: 2005 – 2008
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	Figure 9: Lab pH Readings in Little Raccoon Creek: 2005 – 2008
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	Figure 10: Total Iron Concentrations in Little Raccoon Creek: 2005 - 2008
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	Figure 11: Total Aluminum Concentrations in Little Raccoon Creek: 2005 - 2008

	[image: image12.emf]0

0.2

0.4

0.6

0.8

1

1.2

24.55 24.3 22.3 22.15 19.5 18.5 12.71 1.17

River Mile

Total Aluminum (mg/l)

189 cfs; 3/7/2005 65 cfs; 5/9/2005

8.4 cfs; 10/3/2005 27 cfs; 7/17/2006

73 cfs; 4/24/2007 9.2 cfs; 7/9/2007

31 cfs; 1/28/2008 U.S. EPA Total Al Criteria (ccc)

U.S. EPA Total Al Criteria (cmc)

0.75 mg/l cmc

0.087 mg/l ccc




Conclusions

Over the past three decades water quality has improved in Little Raccoon Creek as a direct result of several factors within the watershed including: federal and state mining regulation laws, reclamation of abandoned mine lands in the watershed, re-mining (resulting in reclamation of abandoned sites), and AMD treatment projects by the Raccoon Creek Partnership.  Chemical water quality such as, alkalinity and pH, have improved through the entire mainstem of Little Raccoon Creek and are meeting target and standards set forth by Ohio EPA and US EPA. However biological recovery has not been fully met through the entire mainstem of Little Raccoon Creek.  Between river miles 24.3 and 18.5, the biological community does not meet warm water habitat.  Further investigation of the chemical water quality reveal that metals such as, iron and aluminum; fail to meet chemical water quality standards during all sampling events within this six-mile section of stream.

In order to fully restore biological integrity in the mid-section of Little Raccoon Creek, river mile 24.3 to 18.5, future restoration efforts need to focus on iron and aluminum metal reduction and retention.  Of these two metals, aluminum exhibits a more toxic effect on biology than iron at these concentrations.  
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