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SUMMARY AND CONCLUSIONS

A release of approximately 39,000 tons of coal ash into the Dan River on February 2,
2014 has created a need for information on possible effects on agriculture downriver of the
spill. This document addresses concerns about impacts of ash-derived trace-element
contaminants (e.g. arsenic, lead, copper, etc.} on agriculture in the Dan River Basin.

Assuming that water quality trends along the Dan River can be projected from hundreds of
water analyses made during a 40-day period following the spill, we conclude that:

1. River water is suitable for use as irrigation water on crops and as drinking
water for livestock.

2. Trace-element influx during flooding of agricultural areas will have only a
marginal impact on soils and crops.

This assessment is based on the following observations:

« Total concentrations of trace elements (“total metals”) in Dan River water declined
sharply from maximum levels that were typically measured one day after the ash
release, and concentrations measured ~2.5 miles downriver of the spill site were
equivalent to upstream concentrations within 3 days after the coal-ash release.

« Concentrations of 13 trace elements measured in up to 449 water samples did not
exceed adopted standards for surface water used as a drinking water source (Class
WS) in more than 90% of samples, and no samples exceeded guidelines adopted (in
KY) for drinking-water sources for cattle.

« Mass balance calculations revealed that irrigation or flooding with 10 acre-inches of
Dan River water containing trace-elements at the nominal concentrations observed
between February 7 and March 14, 2014 would increase total soil concentrations of
nearly all of these elements by less than 0.5%, and concentrations in tobacco, corn
grain or stover, and fescue would be increased by less than their typical concentration
ranges associated with natural variability.

From this data evaluation and an assessment of pathways for trace-element transfer
between residual coal ash in the Dan River and agricultural soils and crops, we also provide
practical considerations that can be followed as an added precaution to diminish any
impacts of the spill on agricultural production.




PRACTICAL CONSIDERATIONS FOR IRRIGATION

¢ Ensure that irrigation water intakes are near the surface of the Dan River, away from the
bottom sediments that could contain coal ash. Surface placement will generally decrease
intake of suspended solids that could include ash particles containing trace elements.

e Monitor the USEPA website (www.epa.gov/region4/duke-energy/) or other sources of
water-quality information for indications of periodic increases in trace-element
concentrations. See, for example “Response Information Updates” and “Surface Water
Data” at the USEPA website, recognizing a time delay on the posting of new data.

e Avoid irrigation when the total metal concentrations, total suspended solids, or turbidity,
of the Dan River water are elevated above water-quality standards or nominal levels
discussed in this report. For example, a rainfall event in the watershed upstream of
irrigated land could increase the suspended sediment load, which could possibly
including re-suspended ash particles.

¢ Have agricultural soils and crop tissues tested at least annually, and be specifically
mindful of any increases in micronutrients such as copper and zinc in soil or tissue tests.

OVERVIEW OF COAL ASH IN THE DAN RIVER

The February 2, 2014 failure of a stormwater discharge pipe at an ash-storage site
at Duke Energy’s Dan River Steam Station in Eden, NC, led to an estimated 39,000 tons of
coal ash and 27 million gallons of ash water being released into the Dan River. According to
USEPA and Duke Energy officials, clean-up operations over the coming months will remove
a portion of the ash from the river. The majority of ash has been dispersed throughout the
river between the release site and the Kerr Reservoir downriver. A primary concern about
such a coal-ash release is the environmental impacts of potentially toxic trace elements.
“Trace elements” generally refer to those elements that occur at very low (part-per-
million) concentrations compared with major elements found in rocks and minerals. [n
environmental monitoring, trace elements are often called “metals” or “heavy metals”.

Figure 1 shows estimated amounts of some trace elements in coal ash particles that
were released into the Dan River with the 39,000-ton spill. This assessment is based on
measurements of trace elements in coal-ash samples from the Dan River Steam Plant basin
from which the release occurred (see Table 1). Many of these trace elements are essential
to plants or animals at low concentrations, but become toxic when in excess. For example,
copper (Cu) and zinc (Zn) are essential to plants and animals, and selenium (Se) and
chromium (Cr) are essential for humans, but can become toxic when concentrations in
water increase. Of the elements in Figure 1, arsenic (As), cadmium (Cd), lead (Pb),
selenium (Se), and certain forms of mercury (Hg), chromium (Cr) and barium (Ba) are
generally considered to be the most toxic to humans and other mammals (McBride, 1994).
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Figure 1. Estimated amounts of
various trace elements discharged
into the Dan River with 39,000
tons of coal ash. Calculations are
based on elemental compositions
of ash reported by USEPA for the
primary ash basin at the Dan River
Steam Station. Numbers associated
with bars are calculated means

(+ standard deviations) based on
coal ash analyses in Table 1.
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Table 1. Concentrations of trace elements measured in samples from the ash basin from the Dan
River Steam Station compared with concentration ranges reported for soils and fertilizers.

Mean * std. dev. Soil Fertilizer conc.
Trace Range of ash Ash conc. concentration Range

Element conc. (mg/kg)t (mg/kg)t range (mg/kglt (mg/kg)¥
As - arsenic 17 - 61 48 + 21 4.4 -7.72 2.7-120
Ba - barium 210-1110 680 + 460 580 no data
Cd - cadmium <0.08 - 0.29 0.27 £ 0.04 0.068 - 0.35 0.06 - 8.5
Cr - chromium 6.3-14 12+4 38 - 54 1.0-134
Cu - copper 20-51 43 £ 15 7-25 1-138
Hg - mercury <0.06 - 0.24 0.21+0.03 0.01 - 0.09 0.4-3.2
Ni - nickel 7.0-20 16+6 6.2-19 7.0 - 44
Ph - lead 4,7 -18 12+6 9.6 - 34 1.9 -48.7
Se - selenium 2.3-64 5£2 0.39 0-13.2
Sr - strontium 79 - 240 no data
V - vanadium 22-48 40+ 12 80 no data
Y - yttrium 75 e 25 no data
Zn - zinc 8-35 214 11 12.9 - 96 1-235

1 Range or mean coal ash concentrations (conc.) + standard deviations (Std. Dev.) measured by USEPA in four samples
collected 6-12 February, 2014. Means for Cd and Hg are for two and three samples with reportable concentrations,
respectively; and Srand Y were reported for only one sample (n = 1).

# Soil concentrations represent the range of means or medians reported in three sources: Pease et al. (2007) (median for
Tar-Pamlico sediments), Holgrem et al. (1992) (mean of 163 soil samples across North Carolina), and Sparks (2003)
(median for soils sampled across the contiguous U.S.). Single numbers (Ba, Se, Sr, Y, and V) are medians reported in
Sparks (2003).

¥ Overall concentration range reported by Prasad (2008) for urea, ammonium nitrate, ammonium sulfate,
superphosphate, and potassium sulfate fertilizers. The actual loading of trace elements on soils depends on both their
concentration and the amounts of fertilizer applied.



Trace element concentrations measured in coal ash from the “release” basin are
compared in Table 1 with concentrations in soils and some common agricultural
fertilizers. The highest concentrations of arsenic, barium, copper, mercury, and selenium
measured in the coal ash samples exceeded the upper concentrations of the ranges shown
for soils. However, the upper concentrations of most elements shown in Table 1 were
lower in the coal ash samples than in certain chemical fertilizers. Specifically, the highest
concentrations measured in fertilizers exceeded those of the ash for arsenic in ammonium
nitrate; cadmium and mercury in all five fertilizers considered (Table 1 footnote),
chromium in superphosphate; copper and zinc in superphosphate and potassium sulfate;
nickel in all considered fertilizers except for urea; lead in urea and ammonium nitrate; and
selenium in ammonium nitrate and potassium sulfate (Prasad, 2008). However, loading of
trace elements on soils depends on both their concentration in the material (e.g., ash or
fertilizer) and the amount of material discharged or applied to a soil. In essence,
concentrations of trace elements in soils vary, depending on concentrations in the parent
material (rocks/sediments) on which the soils formed, and on historical inputs of trace
elements with fertilizers, pesticides, biosolids, and other soil amendments.

Possible pathways of trace element movement from coal-ash particles in the Dan
River to soils and crops are illustrated in Figure 2. The most direct pathways into crops are
by root uptake of dissolved elements in soil porewater or by leaf uptake of dissolved
elements in irrigation water. Porewater concentrations of trace elements can be directly
impacted by dissolved concentrations in irrigation or floodwater, or by release from ash
particles applied to the soil or leaves. Soil solids (mineral and organic matter particles)
typically have a high affinity to bind trace elements, thereby removing these elements from
soil porewater and regulating crop uptake. Uptake and release from soil particles depends
not only on total element concentrations, but more importantly on the amounts and types
of soil minerals and organic matter, and on soil chemical properties such as pH and
oxidation-reduction (redox) potential. In essence, binding of any applied trace elements by
soil particles largely regulates their uptake into crops and their possible impacts on crop
quality for human or animal consumption.
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It is important to realize that the quality of Dan River water could change over
time if properties such as flow conditions, temperature or redox state change
substantially. Ongoing data collection by the USEPA, Duke Energy, and other agencies is
evaluating the dissolved concentrations (filtered samples) and total concentrations
(unfiltered samples) of elements at multiple points downriver of the spill site. Total
concentrations include trace elements that are dissolved and those associated with any
suspended ash and soil particles in the river. Coal ash itself is a complex material that
consists of crystalline minerals and noncrystalline aluminosilicate glass that are inherited
from coal or formed during combustion (Ward and French, 2006). Although the ash
particles do not readily dissolve in water, trace elements can be released from the particles
over time. Different crops (tobacco, corn, grasses, etc.) take up different trace elements
from soils to different degrees (Kabata-Pendias, 2011).

Over time, residual ash will become mixed with or buried under new sediment
deposited into the Dan River, effectively forming a sediment cap on the ash. Although this
cap can serve as a barrier to trace element migration from buried ash into the overlying
river water, disturbance of the sediments, e.g., under high flow conditions or by sediment-
dwelling organisms could re-suspend ash particles. Also, trace elements that dissolve from
the buried ash can diffuse through the cap over time and into the overlying water. Ongoing
monitoring of total and dissolved trace elements in the Dan River will help to reveal
periods of concern with respect to using the river for irrigation water.

TRACE ELEMENT CONCENTRATIONS IN DAN RIVER WATER

Table 2 summarizes total concentrations of various trace elements measured in up
to 449 unfiltered surface-water samples collected by USEPA or Duke Energy at multiple
locations downriver of the coal-ash spill between Feb. 2 and Mar. 19, 2014. Some of the
USEPA data are available on their website (www.epa.gov /region4 /duke-energy/ - accessed
4/15/2014), and the rest were provided to us by both organizations. The USEPA samples
were collected at multiple locations between the coal-ash spill site and the South Boston,
VA water intake located approximately 70 miles downriver. Duke Energy samples were
taken between the spill site and the Henderson, NC water intake on John H. Kerr Reservoir.

Measured concentrations of trace elements varied by element, sampling location,
and time. Maximum total concentrations of cadmium (Cd), mercury (Hg), selenium (Se),
and yttrium (Y) were <5 pg/L; those of chromium (Cr), copper (Cu), nickel (Ni), and lead
(Pb) were <50 pg/L; and those of arsenic (As), barium (Ba), strontium (5r), vanadium (V),
and zinc (Zn) were between 50 and 530 pg/L (Table 2). For most elements, maximum total
concentrations in river water were found within 4 days of the spill and close to the spill
site, e.g., at the spill outfall or at Drap€t’s Landing 2.5 miles downriver. Maximum
concentrations of several trace elements (arsenic, copper, lead, and selenium) were
measured the day after the spill at the Berry Hill Bridge sampling location approximately 8
miles downriver. Maximum zinc and chromium concentrations were measured 18 to 19
days after the spill, 68 miles downriver at the South Boston Water Treatment Intake (Table
2). In addition to trace elements, river water pH ranged from 6.5 to 7.8, total suspended
solids (TSS) ranged from 5 to 855 mg/L, and turbidities varied between 3.3 and 676 NTU
across samples analyzed by either USEPA or Duke Energy (data not shown).




Overall, concentrations of elements shown in Table 2 exceeded the adopted
standards for surface waters used for drinking water {(Class WS) in less than 10% of all
samples. [t is noteworthy that the stretch of the Dan River between the spill site and the
first crossing of the Virginia border has a less restrictive water use classification (Class C)
(NCDENR, 2013). Concentrations of barium, cadmium, mercury, nickel, lead, and strontium
never exceeded their adopted standards in the samples analyzed. For 65 measurements of
surface-water samples reported by Duke Energy during the month of March 2014, no
samples exceeded the adopted WS water-quality standards for arsenic, cadmium,
chromium, copper, lead, selenium, or zinc. In summary, the quality of Dan River water
was in compliance with adopted standards for surface waters used as drinking water
for the vast majority of samples taken over time from different sampling locations.

TEMPORAL TRENDS IN DAN RIVER TRACE-ELEMENT CONCENTRATIONS

Figure 3 shows total trace-element concentrations and suspended solids or
turbidities of Dan River surface water analyzed by USEPA upriver and downriver of the
coal-ash spill site during a 16-day period following the 2 Feb. 2014 spill. Concentrations of
trace elements measured over time in downriver samples declined sharply from their
maxima within the first 5 days after the spill, and were thereafter essentially the same as
concentrations in upriver samples. In nearly all cases, the downriver concentrations were
less than the practical quantitation limit or “reportable limit” (Table 2} after 6 Feb. 2014.
Total suspended solids showed an analogous sharp decline. Dissolved trace-element
concentrations measured in filtered water samples (data not shown) were less than the
total concentrations in unfiltered samples (Figure 3), indicating that a significant portion
of the trace elements were bound with ash particles. Much of the sharp decline in trace-
element concentration in Figure 3 is probably due to a 29% rise in the Dan River gauge
height (2.56 to 3.29 ft.) and corresponding 47% increase in flow rate {discharge increased
from 1130 to 1660 cubic feet per second) measured between 2 - 4 February near
Wentworth, NC (USGS, 2014). USEPA officials (19 March 2014 teleconference) indicated
that the high river stage carried much of the released ash downriver.

Analyses of Dan River surface-water samples collected at the Berry Hill Bridge over
time showed that total concentrations of trace elements were greatest 1 to 2 days after the
spill, then declined sharply within the next 3 days (Figure 4). Trace-element
concentrations followed trends in suspended solids (reported as “suspended residues”),
suggesting that much of the initial trace-element load was in suspended ash particles. For
example, zinc in filtered samples shown in Figure 4 was always less than 3 pg/L, whereas
total zinc was greater than 20 pg/L the day after the spill. Similar to data shown in Table 2
for multiple locations, total concentrations of most elements other than zinc at the Berry

_Hill site were below or near Duke Energy’s detection limits (1-3 pg/L) as of 12 March 2014.

Based on the trends shown in Figures 3 and 4, we conclude that the first 3 or 4
days after the spill reflect the worst-case scenario for surface water quality. Therefore, our
following estimates of soil and crop loading are based on irrigation water from the Dan
River having a “nominal” total concentration of 5 pg/L for all elements considered, and for
comparison, a worst-case scenario of 50 ug/L. Because mercury and cadmium were
essentially always below reportable concentrations in river-water samples and are
typically very low in soils, these elements were excluded from our soil loading calculations.



“6b-UZ PUB ‘6Z-A ‘09-A ‘0%-1S ‘6¥-9S ‘6¥b-0d ‘09-IN ‘L5-8H '6¥¥-0D ‘6F4-10 ‘SH¥-PD ‘95-Bg ‘6bb-Sv a1e (ABraug 9y + vdIsn) pazd[eue s1om
sjyuawapa yads yoym Ut sajdures Jo Joquny [e301 SY L M) PUE UYZ 10§ J0Mm0f 10 /81 01> pue ‘A 10) 1/8 gz> J0 £> Ix 10§ 1/81 g> 117 40y 1/84 (1> 10 §°Z> 1IN J0) /8
§> 10 7> 95 40§ /81 §> 10 T> 'Sy 103 71/8M §> 10 7> > ‘qd 10 1/8H g> 10 1> 'pD 10§ 1/81 1> 10 50> ‘£'0> BH 30§ 1/81 70 30 'T°0 'Z000°0> *¥dASN ‘UZ 10§ 1/8M 5> pue
'ag 10J /31 £ 10 1> P PUE 1) ‘qd ‘N7 ‘sy 10] /81 1> By Joy /31 00> :A319ug YN SN UOTIDMSP Jo (ST voneInuenb (eonsesd) sueneruaIUod a|qerroday &
"(peanseatu SUOMENUIIUCI Wawa(a ajqerodal ou - ajqesdde Jou = y/N) s 3uauneal] 13em (VA) uoisog yinos
= 1LMgS {(ON) 38puig [1H A113g = gH4 ‘aus [ds Jo seaLiumoq Futpue taderq-sga ‘(sus [11ds 18) v [1eAng ng-yo Mng ‘(3u1s [ids 1e) 3 [1BARO 33nd-30 34nd #
*X 10 A 0] PIISI] 219Mm SPIEPUEIS ON "(£T07 "UNIJIN) J2ALILMOP SussoId 1opIoq eluidIiA 159489 2y} PUE a11S [[IdS 3yl Uaamiaq Jaary ueq o
JO UONEDYISSE[? 1) SSBYD [2MIIE 313 UL SIUSWa[S JUI0S J0J SARILNSAI 310w e sa1ddns 10em SUD{ULIP Se pasn SIajem 3JeJIns M SSe[) 10j paepuels (£007) YNIAON +

%20 %TL LLMES ¥1/02/2 vO=nq ¥1/51/2 sy -S> L9T~-9°S 1/31 0§ ourz - uy
...... %'E LLMAS ¥1/9/2 ElEp ou zE-€ wnioif -
...... %8E saavi/e/e EJEp OU L9-5> wnipeues - A
%0 %00T | semee- sata¥i/e/z ejep ou 092 - LY 1/8w $1 WNRUOLS — IS
%70 %I, dHd - ¥1/€/2 v/N 7S-1> G>- 1> /81 g wnIus[ss - 3§
%0 %L¥ aud - ¥1/¢/¢ Sa1a ¥1/£/2 9'ST - 1> £2-1> imﬂ_ Vi pes] - qd
%0 %S2 Sa1a ¥1/¢/2 elRp OU 12-5> 1/81 gz [e3oW - IN
%0 % | @ v/N S0°0> 20> - 2000°0> 1/81 21070 Amdigw - 3Y
%8 %08 qHd - ¥1/¢/2 SaAta ¥1/¢/z £Ye-1> 9r-€27 /81 £ Iaddoa - n)
%Z0 %L9 amgas¥1/1z/z Sa1a ¥1/s/e LZT-1> S1-527> /81 08 uniwosyd - 19
%0 %o | 0 - SA1A ¥1/£/2 1> 1> 03 40> /81 g WNIWped - p)
%0 %001 | - sa1a vi/s/e ejep ou 085 - €2 /3wy winueq - eg
%9'E %67 dHd - ¥1/¢/¢ D0 9Mnd $1/81/2 £se-1> €81 - 1> 1/81 01 JIUSSIE - SY
(Z 100 39s) g Ad1auyg ayng vdAasn K31oug ng vdasn lplepueig SITETHET G |
ﬁumﬁﬁmwm moﬁum“mﬁ .\._mumg
I91BAA /8unjodoy aoelIng
aoBJINg SM SSE[)
SM SSB[D
%3urpaaoxa sardures Jo o4 1 UONBIIU22UOD pPaInsSeail (1/381)

WINWIXeW JO UONEDO] PUE 33E(

SUOENIU3IU0D partodal jo afuey

‘(s91d

wes A3Jeuy 9N 685) ¥10Z Y2IBW 61 PUE Aleniqa 7 usamiaq pue
(sadwes y4asn 09) #10Z YoXeW € pue A1enida,] § uaamiaq ays [jids YSe-[20d UOTIELS WEI)S I9ARY UB( Y3 JO JIALIUMOP 10 Jeal IsAly ueq

AITY ITIA TT NATAAIIAA TATB AL 3711 INC 11 cardirpe .1 nt AN 11 na Ieparm onrame rraaras § 1eanr man 1 Imanmamkm-a33e 1 ein 10 AIRHTTNMC *7 3108 1




Turbidity (NTU)

6

(¥dasn :22n0s

21B(]) 1UAWS[P Yoes szATeur 01 pasn anbiuydal [eank[eue ay] 10j 1wl] uoneyjuenb Teonoead oy mojaq Suraq se paliodat 2IoM SIUIAINSEIL ‘SISED

1sow uj [1ids 9y Jo sAep ¥ urgam sa[duwes J9ALIUMOP pue J9ALIdN Ul JUS[eAINDS 319Mm SPI[eS papuadsns [e10]1 PUB S1UIWI[2 2J..1] JO SUONEBIIUISUCT
‘sased [[e uf "311s [[ids yse-fecd a1 jo (, Surpueq Jadei(,) JPALTUMOP S9[IUWL G'Z PUE (%1 Amy,,) Joauidn ydasn £q ps10afjod sajdures J31em-3J.lIns
19ATY ueq Jo A1p1gany pue (,Sanpisal papuadsns,, se patiodal) spijos papuadsns yum Suore ‘(15) wnnuons pue ‘(eg) wnieq ‘(A) WNIpeUEA ‘(iN)
eI ‘(1) wnrwoayd ‘(qd) pea ‘(uz) ourz ‘(n)) 1eddos ‘(o5) wniug[es ‘(Sy) J1UasIe JO SUCHEUIU0D (paJaayun) {103 Ul spuad ferodwa ], "¢ 281

(v102) 2120
92481 92491 923yl 93¢ 9ed-0L Qad-e
= L — _.T. P Ll .
- e
0L - N \
\\ A\
7/ \
0z - 4 4
Ve \
X P
F
9
g F
ANDICLM SARULMO(]
o -
senpisal papuadsns JeAuumoQg
3NPISa) PEPLBASNS JEAUD[) —e—
05

g24-9

a3y

34T

0

00%

008

008

{710Z) =120

0ooL

g24-8L q24-91 god-yl 924-g) 933-0L 9948 9°4-9 4o God-g

._._r_.H“._F._...\._r“O
= T U N T ei oL
J_ 0z
0¢
Hwi uoneuenb |2onoRId messsses
10 JBAIUMOQ oy
17 18AUA [N
Qd J8AIuMOQ
g JEALH[) et
0s

(1/6w) anpisey pepuadsng [el0L

{-/6r) uonenuasuo jejoL

(v102) =120 (yLo2) 31ea
gad-glL god-01 gad-pL 994-ZL 9od-01 924-8 G949 god-y 994 .- 24-8L 924-9) 98d-pl 02-ZL 994-0L 9°4-§ ded-8 A% Ga4-2
[ I TUNPUNS NP I EPEN N NI S " T W M e I SRR (ST | 0
*ﬁ‘l = - e i
. = /
-1 0L
=1 001 /
\ .
- o,’
mm v 02
w/ = 002 g -
L g b Hee
| 2 | J
! ooe m i
# . = - O¥F
2
i ooy S
_M = ) uenemuenb (2onoesd ssssssess = 08§
J Pl ]
1S J8AIUMOQ _» W A JaAuumoQq
1S SAAIEN —— __a =1 00S A JEALIO) el .‘ - o8
eg JaAUUMOQ] | IN JBALUMOQ L
B JBAIAL) et 1N ABALC ) e
008 0L
(vi02) 23120 . (v102) 2220
684-gL 9ed-9l god-vl 9o9d-gl 9°4-01 92d-8 d9d-9 dd-F GI€ g924-g1 924-0L 484l Go4-Z] 024-0L §od-8 9S-0 Oy UI-Z
._._._.Hn__!._n_.;_..u _.__.__.m._.c
I/....-\u X
= \ 1, | 1
a.ldr. i
\ l g / i
-]
H0€ ¢ -0z
B \
3
| % \ |
@
2
~qoe 8 | - os
g |
E = w R
1w uonenuenb [2onaerd e W W] UOnBIUEND (22119810 ssssese== 1
uz Jsauumog “ov E 2g JaAuumeq L (114
UZ 18O el 2g Janud[) —e—
no JSAUUMOG b Sy JaAluMo(q i
75 JBALICH s SV JIAO ) e
0S

s

(6} uonenuasuo [BI0L

{6} uonenuesuo |BI0L



700

i 10 x nominal conc. (50 pug/L)

<« Turbidity (NTU) -] 600

40 | —e—total As —e—total Cu =====dissolved Zn (filtered) - 500

-
o
-
= T —a—total Se ~-e- total Zn == analytical detection limit P
o
£ & <4400 &
g 30 2
= &
§ <4300 2
O 20F g
® : - 200
e

10

nominal conc. (5 pg/L) | 100
: R—— »
0 1 .-.: n | 0

2-Feb 7-Feb 12-Feb 17-Feb 22-Feb 27-Feb 4-Mar 9-Mar 14-Mar
Date (2014)

Figure 4. Total concentrations of arsenic (As), selenium (Se), copper (Cu), and zinc (Zn), along with
turbidity measured in Dan River water samples collected over time near the Berry Hill Bridge 8 miles
downriver of the coal-ash spill site near the Virginia border. Included are dissolved concentrations of
7n in filtered samples, which indicated that most of the total Zn was in suspended ash particles. Data
falling on the blue line representing an analytical detection limit of 1 pg/L for all elements were
reported as <1 pg/L. The “nominal” and “10 x nominal” total concentrations of trace elements were
used in mass-balance calculations shown in Tables 3 and 4 (Data source: Duke Energy).

POTENTIAL LOADING OF TRACE ELEMENTS TO SOILS VIA IRRIGATION

Table 3 summarizes mass balance calculations on annual soil enrichment by trace
elements for scenarios of 10 acre-inches of Dan-River irrigation water being applied at
total element concentrations of either 5 pg/L or 50 pg/L. (An example calculation is given
at the end of this document.) These concentrations reflect nominal and 10x nominal
concentrations discussed above with respect to Figure 4. Annual water needs of crops are
approximately 10 inches for wheat, 16 inches for tobacco, and 17 inches for soybeans, and
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actual irrigation needs will depend on rainfall levels for a given year. Data on soil trace-
element concentrations in the Dan-River basin are lacking. Thus, to make an assessment on
a worst-case basis from available data, we used as reference values in Table 3 the lowest of
the median or mean concentrations reported for soils or sediments in North Carolina or the
contiguous 48 U.S. states. Trace elements in irrigation water from the Dan River could be
present in suspended ash or soil particles, or in dissolved forms. Particulate and dissolved
trace elements have different pathways for reaching crops (Fig. 2).
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Table 3. Concentrations of trace elements in ash and soils, and estimated enrichment (%) of
agricultural soils with trace elements at total concentrations of 5 pug/L (nominal - see Fig. 4) or 50
ug/L (10x nominal) if 10 acre-inches of water from the Dan River were applied as irrigation water
or discharged to a field as flood water. Cadmium and mercury were excluded because cadmium was
detectable/reportable in only one water sample and mercury was never reportable (Table 2).

Annual increase (%) in soil
concentrationt from10 acre-in./yr.
of irrigation water containing

Reference Element at Element at
Trace soil nominal 10 x nominal Soil concentration
Element concentration concentration concentration range of concern
(‘metal”) (mg/kg)t (5pg/L) (50 pg/L) (mg/kg)¥
As - arsenic 4.4 0.22% 2.2% 15-20
Ba - barium 580 0.002% 0.02% 400 - 600
Cr - chromium 38 0.03% 0.3% 50 - 450
Cu - copper 7 0.14% 1.4% 60 - 500
Ni - nickel 6.2 0.16% 1.6% 20-60
Ph - lead 9.6 0.1% 1.0% 20-300
Se - selenium 0.39 2.5% 25%¢# 3-10
Sr - strontium 240 0.004% 0.04% no data
V - vanadium 80 0.01% 0.1% 100 - 340
Y - yttrium 25 0.04% 0.4% no data
Zn - zinc 12.9 0.08% 0.8% 100-300

t Reference soil concentrations are the lowest of the range shown in Table 1, and the annual increase is based on this
reference concentration.

t Maximum Se concentration measured in 485 water samples was 5.2 pg/L (Table 2), making a 50 pg/L scenario unlikely.

¥ Ranges of "Maximum Allowable Concentrations” (MAC) for soil trace elements in agricultural soils, where available;
with ranges for Ba, Se, and V reflecting ranges of “Trigger Action Values” (TAY) (Kabata-Pendias, 2011}). The range for
Cr is the MAC for Cr(lIl), whereas the TAV reported for Cr(VI} is 3-25 mg/ke.

Scenario calculations in Table 3 show that the soil concentration of a given trace
element (other than selenium) would increase by <0.22% per year relative to our selected
soil reference concentration for an application of 10 acre-inches per year of river-water
containing a total concentration of 5 ug/L of a trace element. Selenium would be enriched
by 2.5% per year under this scenario, making it an element of greatest potential concern. If
the total concentration of any trace element in the river water was at a concentration of 50

_ug/L - a scenario that we consider unlikely based on trends in measurements since the
‘spill (Table 2, Figures 3 and 4) - then soil concentrations would increase 10-fold faster,
ranging from 0.02% per year for barium to 25% per year for selenium (Table 3). Itis
important to recognize that actual enrichment rates of soils with trace elements from
irrigation water depend on the concentrations of these elements both in the river water
and in the soil before irrigation water is applied.
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Table 3 includes soil concentrations of trace elements that are considered to be a
concern, i.e,, “maximum allowable concentrations” (MAC) or “trigger action values” (TAV).
For the most part, these concentrations mostly exceed the soil concentrations shown in
Tables 1 and 3. Although it is highly undesirable to add trace elements up to these
excessive concentrations, they are included in Table 3 to give a perspective on the
significance of our calculated enrichment rates. If 5 ug/L of trace elements (other than Ba,
Sr, and Y) were added with 10 acre-inches of irrigation water each year, it would take
between 267 years (for Se} and >19,000 years (for Zn) for the soil concentration to
increase from the reference concentration in Table 3 to the low end of the MAC or TAV
range shown. These times would be shortened if the soil or water concentrations were
higher. For example, it would take 10 to 27 years to increase soil Ni and Se concentrations
(respectively) to the MAC or TAV for a soil containing these elements at the high end of the
range reported in Table 1 and for irrigation water at 50 pug/L of each element. These
scenario calculations illustrate that farmers should stay aware of potential issues of
excessive soil enrichment with trace elements by staying informed about river water
quality, especially during the irrigation season.

In addition to total concentrations in soils, impacts of trace elements on crop
concentrations are affected by soil porewater concentrations (Figure 2). For the most part,
the trace elements listed in Table 3 should be strongly bound in soil solids. Thus, modest
increases in total concentration are expected to have only a marginal, if any, effect on plant
uptake of an element. Because soils and soil-crop interactions are highly variable, it is
difficult to quantify the magnitude of effects without direct measurements. Annual soil test
analyses would provide insights to potential increases in plant-available trace elements
that are reported in such tests, particularly copper and zinc.

POTENTIAL UPTAKE OF TRACE ELEMENTS BY CROPS FOLLOWING IRRIGATION

Soils will typically regulate the transfer of trace elements between irrigation water
and crops. However, any irrigation water sprayed-directly on the crops that does not run
off the leaves to the soil (a minor amount} can leave residual trace elements in dissolved or
particulate forms (Figure 2). We made mass-balance calculations to gain insights on the
potential loading of trace elements to above-ground parts of three crops if 50% of trace
elements applied to a crop at either 5 or 50 ug/L in 10 acre inches of irrigation water
accumulates in these parts {Table 4). Specifically, these mass-balance calculations assume
that (1) the total {dissolved + particulate) concentration of a given trace element in
irrigation water is 5 or 50 pg/L; (2) 100% of trace elements in ash particles dissolve during
the cropping season; (3) all added trace elements remain 100% plant-available (labile}; (4)
roots take up 100% of each element nofi-selectively; and (5) 50% of each element is
translocated from roots to the above-ground plant parts being considered (leaves/stems or

-grain). It is important to note that these mass balance calculations are intended to
determine which trace elements at nominal or elevated concentrations in Dan River water
could be of most concern with respect to crop concentrations. In reality, a significant
portion of any applied trace element is expected to remain in ash particles or be bound to
soil particles (Fig. 2), thereby diminishing actual crop uptake. Moreover, the actual uptake
of trace elements by roots and translocation to aboveground biomass varies by element
and crop, and depends on the element’s mobility in the plant (Kabata-Pendias, 2011).

13



Table 4. Mass-balance calculations of potential enrichment of trace-elements in aboveground crop
biomass components if 10 acre-inches of Dan River water containing either 5 pug/L (nominal case)
or 50 pg/L (10 x nominal case) of a given trace element were applied to a field, and 50% of the
applied trace element accumulated in tobacco leaves, corn grain or stover, or fescue biomass. The
range of reference concentrations of specific elements generally reflects concentrations in non-
contaminated crops.

Increase in trace-element concentration per unit biomass
(typically leaf or grain) for the given water concentration

(mg/ke}t
Irrigation Scenario Tobacco Corn Grain Corn Stover Fescue
Nominal water concentration 2.3 0.5 0.6 0.8
{5 ug/L water)?
10 x nominal water concentration 23 54 6.3 8.1

(50 ug/L water) T

Reference concentration range (mg/kg biomass or grain)

Tobacco Corn Grain Corn Stover Fescue Hay
As - arsenic 1.1-4.5 1.85 0.01-1 0.28-0.33
Ba - barium 72-3000 no data 10-100 2-13¥
Cd-cadmium  0.77-7.02 <0.002-0.34 0.05-0.2 0.07-0.32
Cr-chromium  <0.1-3.45 0.24-0.41 0.05-1 05-34
Cu - copper  149-211 0.89-3.6 5-25 4.3-10.5
Hg - mercury no data 0.0017-0.073 no data 0.01-01
Ni - nickel <2-4 0.3-1.2 0.1-10 0.13-1.7
Pb - lead 0-200 <0.003~-2.9 3-5 0.36-4.6
Se - selenium 2-4 0.05-0.085 0.5-5 0.013-0.11
Sr-strontium  29.7-49.5 0.06-0.4 13-22 6-37
V-vanadium  1.06-1.65 no data 0.62-36 nodata
Y - yttrium no data no data 0.01-3.5¥% 0.01-3.5%
Zn -zinc  16.8-30.5 14-34 20-100 27-47

t See Fig. 3 for “nominal” water concentration. Increases in biomass concentrations are based on yields of 2500 lbs.
tobacco/acre (Matthew Vann, NCSU Tobacco Extension Specialist - personal comm.); and 150 bu. corn/acre at 70 Ibs./bu,
4.5 tons corn stover/acre, or 3.5 tons fescue per acre (Osmond and Kang, 2008),

" % Data sources for crop concentrations: Tobacco - As, Ba, Cu, Pb, Se (Tso, 1990 for leaves or commercial tobacco); Cd, Cr
(Chiba and Masironi, 1992); Ni, Sr, V, Zn (Iskander et al,, 1986 for cigarette samples). Corn grain - As (mean from one
study), Hg, Se (corn+sweet corn), St (Kabata-Pendias, 2011); Cd, Cu, Ni, Pb, Zn (Wolnik et al, 1985); Cr (Yu-kui et al,,
2009). Corn stover - As, Ba, Cd, Cr, Cu, Ni, Se, Zn (Pais and Jones, 1997 for corn leaves); Pb (Kabata-Pendias, 2011); Sr, V
{Sadiq and Hussain, 1993-pot expt.). Fescue hay - As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sr, Zn based on ranges for "grasses”
(Kabata-Pendias, 2011).

¥ Overall concentration range of Ba and Y in plants reported by Kabata-Pendias (2011).
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As shown in Table 4, 10 acre-inches of irrigation water applied at trace-element
concentrations of 5 ug/L could increase the concentrations of some elements in some crops
by levels in excess of their maximum expected concentration. The most notable cases are
arsenic in fescue (0.8 mg/kg added with irrigation water compared with up to 0.33 mg/Kkg
observed in fescue grown on non-contaminated soils), selenium in corn grain and fescue,
and vanadium in tobacco. Although typical crop cadmium and mercury concentrations
would be exceeded in the “5 pg/L” irrigation scenario, the concentrations of these elements
in Dan-River water were almost always <1 pug Cd/L and <0.2 pg Hg/L. if 50% of trace
elements at a concentration of 50 ug/L in irrigation water were transferred into leaves,
grain, or stover of the crops in Table 4, then maximum “normal” concentrations reported
for these crops could be exceeded by one to two orders of magnitude. These scenario
calculations indicate that arsenic, chromium, nickel, lead, and selenium of the
elements in Dan River water of most concern, and caution should be used in irrigation
scheduling when concentrations of these elements (or cadmium or mercury) in the Dan
River significantly exceed the 5 pug/L level.

POTENTIAL LOADING OF TRACE ELEMENTS TO SOILS BY FLOODING

Another concern about potential impacts of the Dan-River coal ash spill on
agriculture in the river basin regards discharge of ash particles onto land with flooding. To
evaluate impacts of flooding, we considered a worst-case scenario of a maximum total
suspended solids concentration of 855 mg/L, as measured in Dan River water 1 day after
the spill (Figure 3). If land in the basin were flooded with 10 acre-inches of river water
containing 100% ash at this concentration (i.e., no suspended soil particles), then 1
ton/acre of ash would be distributed to the land. Considering the >25-fold drop in total
suspended solids within 3 days after the spill (Figure 3), we consider 1 ton/acre to be the
maximum likely loading rate with floodwater.

If 1 ton/acre of ash containing trace elements at the mean concentrations shown in
Table 1 were mixed into the top 10 ¢m of soil, then soil concentrations would increase
relative to our reference soil concentrations in Table 3 by the following amounts (also see
assumptions in Table 3):

» 0.08 mg As/kg soil (1.8% increase),
« 1.1 mg Ba/kg (+0.2%)

« 0.0005 mg Cd/kg (+4.5%)
¢ 0.02 mg Cr/kg (+0.1%)

¢ 0.071 mg Cu/kg (+1%)

« 0.0003 mg Hg/kg (+2.8%)
¢ 0.027 mg Ni/kg (+0.4%)

* 0.02 mg Pb/kg (+0.2%)

+ 0.008 mg Se/kg (+2%)
 0.07 mg V/kg (+0.1%), and
« 0.04 mg Zn/kg (+0.3%).
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As discussed above, we consider such loading rates to produce a marginal increase in soil
concentrations, particularly if such flooding events are infrequent. Thus, impacts of Dan-
River flooding on crop production and crop quality should be negligible.

From an agronomic perspective, coal ash has been examined for use as a soil
amendment to improve soil texture and water holding capacity of sandy soils, to increase
cation exchange capacity (CEC), and to supply lime, phosphorus (P}, potassium (K], and
calcium (Ca) when applied at appropriate rates. For these evaluations, coal ash was applied
at rates ranging from 5 to 250 tons/acre, depending on desired changes in pH, nutrients, or
physical properties (Plank et al. 1975, Pathan et al,, 2003). From that perspective, an
infrequent addition of 1 ton ash/acre with flooding would also have marginal impacts
on agricultural soils in the Dan River basin.

DAN RIVER WATER QUALITY AND LIVESTOCK

The summary of water-quality samples for the coal-ash impacted Dan River {Table 2) can
be used to judge possible impacts of river water used as a source of drinking water for
livestock. For example, Table 5 provides maximum recommended concentrations of a
number of the trace elements that are considered safe for livestock (from Saltanpour and
Raley, 1999, based on National Academies of Science and Engineering water quality
criteria). In all cases, the recommended water-quality standards for livestock are 4- to 480-
fold greater than those of Class WS surface waters used as sources for human drinking
water, Based on the maximum measured concentrations of these elements in Dan-River
water after the coal ash spill (Table 2), none of the samples analyzed by USEPA or Duke
Energy exceeded these maximum recommended concentrations for livestock drinking
water.

Table 5. Maximum recommended concentrations of trace elements in drinking water for livestock
(from Saltanpour and Raley, 1999), compared with adopted standards for Class WS surface waters
used as drinking water for humans (from Table 2). Livestock guidelines are reported here in units
of micrograms per liter (ug/L) to be consistent with the Class WS standards.

Element As Cd Cr Cu Hg Pb Se v Zn
Upper-limit

guideline (pg/L) 200 50 1,000 500 10 100 50 100 24,000
Class WS 10 2 50 7 0.012 25 5 no 50
Standard (ug/L) - data
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EXAMPLE MASS BALANCE CALCULATIONS

This section shows examples of the calculations made to prepare data in Tables 3 and 4, and to
assess effects of river sediment deposition with flood waters. The units used in these calculations
are consistent with concentration units that are typically reported for trace elements in water

(1g/L) and soils {mg/kg)

Trace Element Deposition with Irrigation Water
« 1 acre-inch of water = 102, 790 Liters (L) (~27,000 gallons)

» We assumed for this calculation that any applied trace elements would be distributed evenly
throughout the top 10 cm of soil. Assuming a bulk density of 1,300 kg/m3 of topsoil (~50%
porosity), then the top 10 cm of 1 acre of soil would weigh 526,110 kg.

(1 acre = 4,047 m?x 0.1 m = 404.7 m3 x 1,300 kg/m3 = 526,110 kg soil}
« Applying 1 acre-inch of water containing 50 pug/L (0.05 mg/L) of trace element would apply 5,140
mg of the trace element.

{0.05mg/L x 102,790 L = 5,140 mg trace element])
» Distributing this 5,140 mg of trace element into 526,110 kg of soil would increase the soil
concentration by 0.0098 mg/kg.

(5,140 mg/526,110 kg soil = 0.0098 mg/kg)
» If, during a growing season, 10 acre-inches of irritation water containing 50 pg/L of a given trace
element is applied to a field, then the soil concentration could increase in the top 10 cm by
approximately 0.1 mg/kg.

(10 acre inches x 0.0098 mg/kg increase per acre inch = 0.098 mg/kg)

Trace Element Uptake By Crops - Example calculation for tobacco
+ Assume a tobacco yield of 2,500 Ibs. per acre

+ Applying 10 acre-inches of irrigation water (1,027,900 L) containing 5 pg element/L (any
element) adds 5,140 mg element (5.14 x 106 pg).

s Assuming that the soi! binds none of the added element, the roots take up alt added element, and
all of the element is translocated into the harvested tobacco leaves; then leaf concentration would
increase by 5,140 mg element/(2,500 lbs. per acre/2.204 Ibs. per kg) = 4.53 mg/kg leaf biomass.

Sediment Deposition with Flood Water - Example calculation
« Assume that river water contains 855 mg/kg of total suspended coal ash (equivalent to the

maximum observed total suspended solids (TSS) one day after the spill at the Draper Landing
site 2.5 miles downriver of the spill - Figure 3).

+ Assume that the Dan River floods a field with 10 acre inches of water.

» The total ash loading to the soil would be
10 acre-in x 102,790 L/ac-in x 855 mg/L x (1 kg/1,000,000 mg) x (2.205 1b./1 kg) = 1,938 Ih.
ash/acre ~ 1 ton ash per acre.
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