
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 

 

Threats to Water Quality from Mountain 
Valley Pipeline and Atlantic Coast Pipeline 
Water Crossings in Virginia 

 
 
 

Evan Hansen 
Jason Clingerman 
Meghan Betcher 

 

Downstream Strategies 
 

911 Greenbag Road 
Morgantown, WV 26508 

www.downstreamstrategies.com 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

February 16, 2018  



ii | P a g e 

 

¢!.[9 hC /hb¢9b¢{ 

1. OVERVIEW ..................................................................................................................................................... 1 

2. EROSION AND SEDIMENTATION THREATS ..................................................................................................... 4 

2.1 ACP CASE STUDY: BACK CREEK ............................................................................................................................. 6 
2.2 MVP CASE STUDY: LITTLE CREEK AND ROCKY MOUNT DRINKING WATER ..................................................................... 9 

3. DRINKING WATER SUPPLY THREATS ............................................................................................................ 11 

3.1 ACP CASE STUDY: CITY OF NORFOLK .................................................................................................................... 13 
3.2 MVP CASE STUDY: CITY OF ROANOKE .................................................................................................................. 15 

4. TROUT WATER THREATS .............................................................................................................................. 16 

4.1 TROUT UNLIMITED ANALYSIS ............................................................................................................................. 16 
4.2 ACP CASE STUDY: CALFPASTURE RIVER ................................................................................................................ 17 
4.3 MVP CASE STUDY: LITTLE STONY CREEK ............................................................................................................... 18 

5. ENVIRONMENTAL JUSTICE THREATS ............................................................................................................ 19 

5.1 ACP CASE STUDY: CITY OF EMPORIA, VIRGINIA ...................................................................................................... 19 
5.2 ACP CASE STUDY: FRANKLIN, VIRGINIA ................................................................................................................ 20 

6. CHESAPEAKE BAY THREATS .......................................................................................................................... 22 

7. WETLAND THREATS ..................................................................................................................................... 24 

7.1 ACP CASE STUDY: GREAT DISMAL SWAMP............................................................................................................ 24 

8. SUMMARY AND CONCLUSIONS ................................................................................................................... 26 

8.1 GENERAL THREATS ........................................................................................................................................... 26 
8.2 EROSION AND SEDIMENTATION THREATS............................................................................................................... 26 
8.3 DRINKING WATER SUPPLY THREATS ...................................................................................................................... 26 
8.4 TROUT WATER THREATS .................................................................................................................................... 26 
8.5 ENVIRONMENTAL JUSTICE THREATS ...................................................................................................................... 26 
8.6 CHESAPEAKE BAY THREATS ................................................................................................................................ 27 
8.7 WETLAND THREATS .......................................................................................................................................... 27 

REFERENCES ......................................................................................................................................................... 28 

 



iii | P a g e 

 

¢!.[9 hC CLD¦w9{ 

Figure 1: The Atlantic Coast and Mountain Valley pipelines ................................................................................ 2 
Figure 2: ACP crossings and stream impairments in the vicinity of Back Creek of South Fork River.................... 8 
Figure 3: MVP crossings and sediment-related stream impairments near Little Creek and Teels Creek ........... 10 
Figure 4: Source water assessment areas crossed by the ACP and MVP ........................................................... 12 
Figure 5: ACP crossings and City of Norfolk's source water assessment areas crossed by the ACP ................... 14 
CƛƎǳǊŜ сΥ ¢ƘŜ ²ŜǎǘŜǊƴ ±ƛǊƎƛƴƛŀ ²ŀǘŜǊ !ǳǘƘƻǊƛǘȅΩǎ ǎƻǳǊŎŜ ǿŀǘer assessment area crossed by the MVP ........... 15 
Figure 7: Trout crossing analysis data for Upper Calfpasture River watershed .................................................. 17 
Figure 8: Little Stony Creek and nearby streams ................................................................................................ 18 
Figure 9: ACP crossings and minority populations near Emporia, Virginia ......................................................... 20 
Figure 10: ACP crossings and minority populations near Franklin, Virginia ....................................................... 21 
Figure 11: Proposed ACP construction corridor across the Chesapeake Bay watershed ................................... 23 
Figure 12: ACP crossings and the Great Dismal Swamp ..................................................................................... 25 
 

¢!.[9 hC ¢!.[9{ 

Table 1: ACP stream crossings in City of Norfolk source water assessment areas ............................................. 13 
 

!..w9±L!¢Lhb{ 

ACP Atlantic Coast Pipeline 
FEIS Final Environmental Impact Statement 
FERC Federal Energy Regulatory Commission 
HDD horizontal directional drilling 
HUC hydrologic unit code 
MVP Mountain Valley Pipeline 
TMDL total maximum daily load 
TU Trout Unlimited 
USFWS U.S. Fish and Wildlife Service 
VDCR Virginia Department of Conservation & Recreation 
VDEQ Virginia Department of Environmental Quality 
VDGIF Virginia Department of Game and Inland Fisheries 
VDOH Virginia Department of Health 
VCTU Virginia Council Trout Unlimited 

 

 

 

Photo credits: Pipeline construction photo on page 1: April Keating. All other pipeline construction photos: Rick Webb. Trout 
photo: Jason Clingerman. Drinking water treatment plant photo: Kendra Hatcher. Recreation photo: Evan Hansen. 

This report was produced on behalf of the Natural Resources Defense Council.  
The information and results contained herein were produced solely by the authors. 



1 | P a g e 

 

1. h±9w±L9² 

This report assesses threats and likely impacts to waterbodies in Virginia during the construction and 
operation of the Atlantic Coast Pipeline (ACP) and Mountain Valley Pipeline (MVP), two large natural gas 
pipelines that, as proposed, would cross rivers and streams over 1,000 times in Virginia.  

Specifically, this report focuses on erosion and sedimentation threats, as well as threats to drinking water 
supplies for cities like Norfolk and Roanoke, trout streams, minority communities like Emporia and Franklin, 
wetlands like the Great Dismal Swamp, and the Chesapeake Bay. 

The ACP would run between Harrison County, West Virginia and Robeson County, North Carolinaτa length 
of approximately 600 miles. If constructed, it would bring up to 1.5 billion cubic feet of Marcellus Shale gas to 
energy markets each day. (ACP, 2017a) 

The MVP would run between Wetzel County, West Virginia and Pittsylvania County, Virginiaτa length of 
approximately 300 miles. If constructed, it would bring up to two million dekatherms per day of firm 
transmission capacity to markets in the Mid- and South Atlantic regions. (MVP, 2017) 

As illustrated in Figure 1, the ACP would cross three states: West Virginia, Virginia, and North Carolina, and 
MVP would cross only West Virginia and Virginia. In Virginia, the MVP and the main line of the ACP (from the 
West Virginia border to the North Carolina border) would be 42 inches in diameter (ACP, 2017a; MVP, 2017). 
To construct and bury these sections, operators would timber and clear a 125 footςwide right-of-way, 
although construction through water crossings and wetlands would be limited to a 75-foot width (ACP, 
2017a; VDEQ, 2017). The permanent easement width would be 75 feet for the ACP (ACP, 2017b) and 50 feet 
for the MVP (MVP, 2017). 

At the Virginia/North Carolina border, the primary line of the ACP would go south, but a lateral line would be 
built eastward toward Norfolk. The lateral pipeline would be a 20-inch diameter pipe, and its construction 
right-of-way would be 75 feet wide, regardless of habitat being crossed (ACP, 2017a; VDEQ, 2017). 
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Figure 1: The Atlantic Coast and Mountain Valley pipelines 
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As described in the following sections, threats and likely impacts to waterways in Virginia by the proposed 
pipelines would be numerous and varied:  

¶ Sedimentation of streams would increase because of pipeline construction, even well after 
construction is complete. This would impact fish and other aquatic life and would occur in streams 
that are both pristine and those already impaired by sedimentation. 

¶ Six drinking water assessment areas would be crossed by the two pipelines in Virginia, including over 
75 water crossings, some as close as 1.1 miles from water supply intakes. 

¶ Numerous wild, native, and stocked trout streams would be directly impacted by the pipelines, 
including 73 water crossings deemed highest-concern by Trout Unlimited (TU). 

¶ The proposed path of the pipelines crosses through or near several disadvantaged communities and 
could threaten water quality, including drinking water, in these communities. 

¶ The !/tΩǎ ǇǊƻǇƻǎŜŘ усп ǿŀǘŜǊ ŎǊƻǎǎƛƴƎǎ ƛƴ ǘƘŜ Chesapeake Bay watershed would make attaining 
mandated sediment load reductions in the Chesapeake Bay Watershed Agreement more difficult. 

¶ Over 315 acres of Virginia wetlands would be impacted by construction of the two pipelines, 
including the permanent conversion of over 75 acres of forested wetlands to less desirable wetlands. 

As such, a more detailed analysis of threats should be performed before final permits are issued.  
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2. 9wh{Lhb !b5 {95La9b¢!¢Lhb ¢Iw9!¢{ 

Some of the most significant and visible impacts caused by pipelines are erosion and sedimentation. This 
section outlines the potential scale of sedimentation impacts and assesses specific waterbody impacts that 
can be reasonably expected to occur. 

Sedimentation is a type of water pollution known to be caused by pipeline construction activities and by 
erosion of exposed soils after active construction has ended. Construction activities (including pipeline and 
road construction) necessary for the ACP and MVP would cause erosion and sedimentation, even when best 
management practices are used. This includes stream crossings, wetland crossings, and upland pipeline and 
access road construction. In some cases, pipeline and access road crossings would pollute pristine waters. In 
others it would exacerbate already-existing impairments tied to sediment. 

Increased sedimentation and turbidityτƻŦǘŜƴ ǾƛǎƛōƭŜ ǘƻ ǘƘŜ ƴŀƪŜŘ ŜȅŜ ŀǎ άƳǳŘŘȅέ ǿŀǘŜǊτhas real impacts 
on aquatic life. According to the CŜŘŜǊŀƭ 9ƴŜǊƎȅ wŜƎǳƭŀǘƻǊȅ /ƻƳƳƛǎǎƛƻƴΩǎ όC9w/Ωǎύ Final Environmental Impact 
Statement (FEIS) for the MVP: 

άLƴŎǊŜŀǎŜŘ ǎŜŘƛƳŜƴǘŀǘƛƻƴ ŀƴŘ ǘǳǊōƛŘƛǘȅ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ƛƴ-stream and adjacent construction activities 
could displace and impact fisheries and aquatic resources. Sedimentation could smother fish eggs 
and other benthic biota and alter stream bottom characteristics, such as converting sand, gravel, or 
rock substrate to silt or mud. These habitat alterations could reduce juvenile fish survival, spawning 
habitat, and benthic community diversity and health. Increased turbidity could also temporarily 
reduce dissolved oxygen levels in the water column and reduce respiratory functions [for] in-stream 
biota. Turbid conditions could also reduce the ability for biota to find food sources or avoid prey. The 
extent of impacts from sedimentation and turbidity would depend on sediment loads, stream flows, 
stream bank and stream bed composition, sediment particle size, and the duration of the 
disturbances.... Benthic invertebrates and freshwater mussels could also be affected by elevated 
turbidity and suspended sediments. Although freshwater mussels in the construction zone would be 
relocated by qualified biologists and in accordance with both West Virginia and Virginia mussel 
protocols, downstream sessile species could be affected. Aquatic invertebrates, including insect 
ƭŀǊǾŀŜΣ ǿƻǳƭŘ ƎŜƴŜǊŀƭƭȅ ōŜ ǳƴŀōƭŜ ǘƻ ŀǾƻƛŘ ǿƻǊƪ ŀǊŜŀǎΦέ όC9w/Σ нлмтŀΣ ǇΦ п-216-217) 

Both pipelines would use some type of open-trench method to cross most streams and wetlands. Regardless 
of the exact open-trench method utilized, or the care taken during construction, disturbance of the 
streambank and streambed would cause a marked increase in sedimentation and turbidity. These impacts 
can be long-term and lasting. Initially, there are impacts when disturbance begins and when flow is 
reestablished over the construction area. In the medium-term, moderate (perhaps intermittent) increases in 
sedimentation and turbidity would continue from the streambed and stream bank until revegetation occurs 
in the area immediately adjacent to the construction site. In the long-term, the sediment contribution from 
upland pipeline corridors could still result in measurable increases in sedimentation and turbidity, dependent 
upon soil type, slope, and success of revegetation in the upland corridor. Peer-reviewed journal articles have 
documented short-, medium-, and long-term impacts to benthic macroinvertebrates and fish; one article 
documented effects that lasted over four years (Lévesque and Dubé, 2007, citing Armitage and Gunn, 1996). 

Clingerman and Hansen (2017) estimated the sedimentation impact expected from ACP crossings in 
mountainous watersheds in West Virginia and Virginia, which were expected to have a high risk of 
sedimentation from pipeline construction. The crossings include Turkeypen Creek of Kincheloe Creek in 
Harrison and Lewis counties, West Virginia and Falls Run of Dutch Creek in the James River watershed in 
Nelson County, Virginia. For each scenario assessedτpre-construction, during-construction, and post-
constructionτsedimentation loads were estimated. During-construction sedimentation was estimated to 
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increase by 805 percent in West Virginia and 9,051 percent in Virginia. Post-construction sedimentation was 
estimated to increase by 31 percent and 319 percent, respectively. 

Clingerman and Hansen (2016) also estimated the sedimentation impact expected from the MVP. This 
analysis focused on two West Virginia watersheds: one expected to have a lower risk (Turtletree Fork of 
Tenmile Creek of West Fork River in Harrison County) and one expected to have a higher risk (an unnamed 
tributary to Laurel Creek of the Little Kanawha River in Braxton County) of sedimentation from pipeline 
construction. For each scenarioτpre-construction, during-construction, and post-constructionτ
sedimentation loads were estimated. During-construction sedimentation was estimated to increase by 42 
percent and 1,536 percent, respectively. Post construction sedimentation was estimated to increase by 0 
percent and 15 percent, respectively.  

a±tΩǎ C9L{ ƛƴŎƭǳŘŜǎ ŀ ƘȅŘǊƻƭƻƎƛŎ ŀƴŀƭȅǎƛǎ ƻŦ ǎŜŘƛƳŜƴǘŀǘƛƻƴ ƻŦ ǇƛǇŜƭƛƴŜ ŎƻƴǎǘǊǳŎǘƛƻƴ ƛƴ ǇŀǊǘǎ ƻŦ ²Ŝǎǘ ±ƛǊƎƛƴƛŀ 
and Virginia (Environmental Solutions & Innovations, 2017). This analysis confirms that pipeline construction 
causes erosion and sedimentation:  

¶ άΧŎŀǘŎƘƳŜƴǘǎ ǿƛǘƘƛƴ ǘƘŜǎŜ ǎǳōǿŀǘŜǊǎƘŜŘǎ ŀǊŜ ŜȄǇŜŎǘŜŘ ǘƻ ŜȄǇŜǊƛŜƴŎŜ ƛƴŎǊŜŀǎŜǎ ƛƴ ǎŜŘƛƳŜƴǘ ȅƛŜƭŘ 
over baseline conditions during construction, restoration, and operation with the highest expected 
increases occurring during the construction timeframe for most waterbodiesΦέ (Environmental 
Solutions & Innovations, 2017, p. 24) 

¶ ά{ŜŘƛƳŜƴǘ ƭƻǎǎ ŦǊƻƳ ǘƘŜ ǇǊƻǇƻǎŜŘ ŀŎǘƛƻƴ ǿƛƭƭ ƭƛƪŜƭȅ ōŜ ǘǊŀƴǎǇƻǊǘŜŘ ƛƴǘƻ ŘƻǿƴǎǘǊŜŀƳ ǿŀǘŜǊōƻŘƛŜǎΤ 
however, predicted total sediment loads demonstrate that these impacts will largely be confined to 
ǘǊƛōǳǘŀǊȅ ǎȅǎǘŜƳǎ ŀƴŘ ƴƻǘ ƭŀǊƎŜǊ ƻǊŘŜǊ ǊƛǾŜǊǎΧέ (Environmental Solutions & Innovations, 2017, p. 24) 

¶ άCƻǊ Ƴƻǎǘ ǿŀǘŜǊōƻŘƛŜǎ ǎǘǳŘƛŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ ŜȄǇŜŎǘŜŘ ƛƳǇŀŎǘǎ ǘƻ ǎǘǊŜŀƳǎ ŀǊŜ ƎǊŜŀǘŜǎt during the 
active construction phase of the ProjectΦέ (Environmental Solutions & Innovations, 2017, p. 25) 

¶ ά.ŀǎŜŘ ƻƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎΣ ƛǘ ƛǎ ŜȄǇŜŎǘŜŘ ǘƘŀǘ ǎŜŘƛƳŜƴǘ ƭƻŀŘǎ ŀƴŘ ȅƛŜƭŘǎ ǿƛƭƭ ǊŜŀŎƘ ŀ ƴŜǿ ǎŜŘƛƳŜƴǘ 
equilibrium approximately four to five years from the start of the ProjectΦέ (Environmental Solutions 
& Innovations, 2017, p. 25) This new equilibrium will increase sediment loads from less than one 
percent to more than ten percent over baseline, depending on the watershed.  
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C9w/Ωǎ C9L{ ŦƻǊ ǘƘŜ ACP summarizes similar findings related to increased sedimentation in certain 
watersheds: 

ά¢ƘŜ ώ¦Φ{Φ CƻǊŜǎǘ {ŜǊǾƛŎŜϐ ǊŜǉǳŜǎǘŜŘ ǘƘŀǘ !ǘƭŀƴǘƛŎ ǇǊŜǇŀǊŜ ŀ {ƻƛƭ 9Ǌƻǎƛƻƴ ŀƴŘ {ŜŘƛƳŜƴǘŀǘƛƻƴ aƻŘŜƭ 
Report assessing the extent of sedimentation that could occur within priority subwatersheds within 
the [Monongahela National Forest] and [George Washington National Forest] during construction. 
Generally, the model results indicate a substantial increase in soil loss relative to baseline rates for the 
first year of construction. Soil rates are predicted to be higher where there are steeper slopes and 
higher soil erodibility values. The model results indicate a decline in soil erosion with time as the 
construction workspace is restored and becomes revegetated. Although according to the model, the 
predicted soil erosion rates returned to baseline by the third year, some of the model results were 
skewed to present a best case scenario, and likely underestimate short-term and long-term sediment 
ƭƻŀŘǎΦέ όC9w/Σ нлмтōΣ ǇΦ п-231) 

As the above studies confirm, sediment pollution would occur during both the construction and operation 
phases of both the ACP and MVP, at varying levels depending on the watershed. The next section more 
closely examines the sedimentation threats to certain priority and impaired waterbodies across Virginia. 

 

2.1 ACP case study: Back Creek 

Back Creek of the South River falls within a 42-square mile Hydrologic Unit Code (HUC)-121 watershed, which 
is within the South Fork Shenandoah River HUC-8 watershed. About 4 percent of the pipeline corridor in this 
watershed would cross very steep slopes, and 62 percent of the corridor would cross highly erodible soils. 
These conditions, as discussed above, increase susceptibility to higher sedimentation levels. Additionally, 
trout are present in this watershed. Wild trout are found in Orebank Creek, while Back Creek and Mills Creek 
receive stocked trout. TU evaluated the potential impact of the proposed ACP on brook trout resources in 
West Virginia and Virginia and classified 19 crossings in this watershed as being of άƘƛƎƘŜǎǘ ŎƻƴŎŜǊƴέ ŦƻǊ 
brook trout impacts (see Section 4.1 for more details). Figure 2 identifies already-existing impairments in the 
vicinity of Back Creek of South Forth River. 

In addition to the already-impaired conditions in this watershed, the cumulative impacts here could be 
significant. ACP counts 38 stream crossings by the pipeline in this one watershed. Access road crossings 

                                                             
1 The National Hydrology Dataset classifies the nationôs waters into a hierarchical classification system. HUCs are used to define each distinct watershed. HUC-
12 watersheds are commonly referred to as subwatersheds that capture local tributary systems of larger HUC-8 watersheds.  
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reported by ACP include three stream crossings and one pond crossing. (ACP, 2017c, Table B-1) The crossings 
displayed in Figure 2 are those described by ACP; many of these do not align with the stream segments 
displayed as these crossings are for small tributaries that are not mapped. 

The pipeline and access roads would cross the headwaters of Back Creek, including Back Creek, Mills Creek, 
and Orebank Creekτall of which are already impairedτa total of over 40 times. The disturbance of the 
streambank and streambed would cause a marked increase in sedimentation and turbidity. These tributary 
crossings are all within one mile from each other, and these three creeks join together approximately 1.5 
miles downstream from the three most downstream crossing locations. Because these crossings are so close 
together and have short flow paths to the same point, the cumulative impacts of these crossings would 
directly impact the impaired Back Creek. 

Adding to the cumulative instream impacts would be the sediment generated from upslope activities, where 
the pipeline right-of-way would be cleared and where access roads would be built. Approximately 8.1 miles 
of pipeline and 1.2 miles of access roads are planned for this small watershed, which would result in 
approximately 127 acres of total impacts. 

The Virginia Department of Environmental Quality (VDEQ) maintains a list of impaired streams across the 
state that is updated every two years; this list includes Back Creek, Mills Creek, and Orebank Creek (VDEQ et 
al., 2016 and 2017). Under the Clean Water Act, clean-up plans called total maximum daily loads (TMDLs) are 
established for impaired streams.  

A TMDL has not yet been established ŦƻǊ .ŀŎƪ /ǊŜŜƪΩǎ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀƛǊƳŜƴǘΦ IƻǿŜǾŜǊΣ .ŀŎƪ /ǊŜŜƪ Ŧƭƻǿǎ ƛƴǘƻ 
South River, and a TMDL for SoutƘ wƛǾŜǊΩǎ ōŀŎǘŜǊƛŀ ŀƴŘ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀƛǊƳŜƴǘǎ ǿŀǎ ǿǊƛǘǘŜƴ ƛƴ нллфΦ !ŎŎƻǊŘƛƴƎ 
to a stressor analysis performed in this TMDL, sediment and phosphorus are the most probable stressors 
ŎŀǳǎƛƴƎ {ƻǳǘƘ wƛǾŜǊΩǎ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀƛǊƳŜƴǘΦ ¢ƘŜ ¢a5[ ǘƘŜƴ ŀƭƭƻŎŀǘŜǎ ǎŜŘƛƳŜƴt loads to meet the TMDL. 
(Engineering Concepts, 2009) While a more detailed TMDL for the Back Creek watershed, including a stressor 
ŀƴŀƭȅǎƛǎΣ ǿƻǳƭŘ ōŜ ƴŜŜŘŜŘ ǘƻ ŘŜŦƛƴƛǘƛǾŜƭȅ ǘƛŜ ǎŜŘƛƳŜƴǘ ǘƻ .ŀŎƪ /ǊŜŜƪΩǎ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀƛǊƳŜƴǘΣ ǘƘŜ ŦŀŎǘ ǘƘŀǘ 
sediment was tiŜŘ ǘƻ {ƻǳǘƘ wƛǾŜǊΩǎ ōƛƻƭƻƎƛŎŀƭ ƛƳǇŀƛǊƳŜƴǘ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ŜȄƛǎǘƛƴƎ ǎŜŘƛƳŜƴǘ ƭƻŀŘǎ Ƴŀȅ ŀƭǎƻ 
cause the impairment in Back Creek.2 

Because of the existing impairments and potential sediment-related pollutant reductions that may be 
required to return Back Creek to health, additional sediment inputs caused by the ACP would make it less 
likely that the TMDL would be achieved, which would leave Back Creek in violation of state water quality 
standards. As such, impacts by pipeline construction to all impaired waters must be fully assessed. 

                                                             
2 While Mills Creek is also biologically impaired, the source of this impairment is acidity from atmospheric deposition, and Orebank Creek is impaired for pH 
(VDEQ et al., 2016 and 2017). Therefore, the TMDL discussion focuses on Back Creek. 
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Figure 2: ACP crossings and stream impairments in the vicinity of Back Creek of South Fork River 

 
Sources: Impairments from VDEQ et al. (2016 and 2017).  










































