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STATS OF ALASKA
DEPARTMENT OF NATURAL RESOURCES
DIVISION OF LAND AND WATER MANAGEMENT

OFFICE USE ONLY

- —=acrm  Lomsps 3O
SEET -l

Southeeancral Dlagrice Scuthsascarn Discrice
Pouch T=0035 210 %. Franklin, Rooa 407
Aochorage, Alasica 33514 Juneau, Alasks SFEOL
(3a7] A76-1513 {3071 4E9-1400 LAS

APPLICATION FUN RESERVATION QF HAIER

INSTRUCTIONS: This is an applicaclen to zesszve 1 spacific insrream flow or lavel of
wvatsr undar AS 46.15.14%5 and 11 ANC 53.141-147. This application musc ba filled ouc
eompletuly and 1ll requesced accachmenis submizeed with 1it. PFailure o consgletes A1l pazte
of the application may yesulr in recuwrn of che spplicacion. Abtach axbra pages ko Fuldly
answar questioms. If 2 report 18 accacied as part of rthis applicaticn, indicacs
appropriace page numbers following wach quasticn. §ubmic this applicaricn o the discrice
in which the propossd ctassexvation 11 locacad {idancified abovel. FPleasza type oF priot in

ink.
1. Futl lwgal mname of applicact (&) :__ ALASER CEFATOENI OF TIJH AND ShME
1. Mailing hddrews: -0, BOX X832E
CLey: __ _Joegag Stata:RE | Tip-198G3-3536
Susinase Phonw: J07-4€65-419¢ ~~ Hooa Fhons:
3. Mamy of the streem or warer body in which watsr i1y propoasd to bs reserved:
CHUTI RIVER

4. Locablism of che propossd raservacicn of waier:

{ai  Clac ALL asctiocas. Sovoshicn, Zanass sod meridiana Crom rhe beginzning to the
u:.dalm.mmwturﬂlmﬁlatmhhuzutuhndymuhich
watar is reguasced o ba Tadarved. [ACcagh axtra pages il ooeeded.)

SEE ATIACKED AFPEMOLE &
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1
‘

. {b) Describe the location of the point or points defining the boundary of ‘the’
proposed reservation of water by river mile index, river mile, geographical or
cultural landmark, etc., on the stream of water body. (Attach extra pages jif
needed.)

SEE ATTACHED AFPENDIE A

(e} AITACH a U.S. Geological’ Survey map at 1:63,360 scale, or 1:250,000 scale if
1:63,360 scale is unavailable for the area, clearly identifying the following
for the proposed regervation of water:

SEE ATTACHED MARPRMUIE A

[1d Ssctions, cowoabipe, Innges and saridiaas
(1] The strazm or watar body in which the casarvaticun of wiCer la proposed

133 Specific polok or polnty dafinisg the boutdary of he JPropossd
radervation of watar

L4} Fermanent, Tespariry or planned locacicas of wasay oeasurssact daricas
lauch as geging scacicos, weirn, scaff gagea}

i8] Termanant, tesporary o plaansd bench sarkas

5 ial [EenTify cha purpass (st of the proposed cesscvacion of waker by checking Ethe
ippregpriace bax(asl.

[X ;: protecTicn of fish and wildlife babitac., migraticn, and pregagaticn
[ 1 racrsation apd park purpodes
{ 1 navigacfion apd transportaticd purgaies
[ | sanibary add watar quelity parposas -
3} Describe in detall chs purpossis) of the proposed resecvation, ircluding, wiwen

appropriace; spacles and life stage, &ypa of recreation, wvaolcla, o water

qualicy paramacer, <t ocher relevent informacicn. [Actach axtra page I
oawdad . )

—JKE ATTACEED MPPEOLE &
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£, Ts tha watar currently Deing used Zoc s purposals; spplisd fooT

X] tas.

[ ] %. IF no. woea will uasa for this purposs beglel Specify dporoxisats dats.

F tal Warar cequesced To Da Taserved |chack coel :
17 o maintain s specific instrsss flow rata, maagured in oshic fsdt par ecoed

[ 1 == =ssicrain m specific feval af garface watsr, otimursd 1o cubis (4L 9 ACES
i 4 114

[ 1 muu:m:wii:mfmmuﬂmﬂm,mmnh:im:n;
parsansnt banchesrc.

i fyastifv bhe popcific smounc OF vager regussttd 0 be reserved: Idsobily and
quartify, as appropriate; Tlce rates, gquascities, murfscs watar wlevatlcomy,
deprhs, atc.. as Chay talmés Za the dakly durprices and soothe of ha peaar
Azring which cha rassrvatica i1 grepossd.  Tnclude any flow relaass schedolasx
From prajscts cpaceman af tha propeasd ressrvition that would apply. C(Attach
azrra pagas if Aesded.)

M

i, Arzach and submir with chip applicacios doruosntation ar TepoETE showimky facts Ea
sugpazt che fallowhng:

[l Trha nesd for the prepcawd raparmacioo of water, lncluding ressons why Ehin
ressrvation ls being requescad.  SEE ATTACHED APPENDIE A

1151 (11/83) 3 of 4



| idenetify and dascriba toa sathodology, dete, and data amalysia wsed o
subscaptipta the nesd Zor aod che quaneicy of watar Tegquested for the propoied
resaracica af water, ioceluding:

KR ATTACERR AYREUICED A B, . O

(1] Rams wnd dassripiicn of meched wead, t

[x] Wha coaducred che study and eoalywls,

(Y schedule of wkan data collectica nad analyels cocurrsd.

t4| Typa [g] of inserewsntia) ussd 23 collece and acalyze dacta,

151 Dagcripoion of data and 9w the deta was collectsd, including when
applicable, (Al selaction of strsaw teach, study site and ctransect
aslection, |BF Elow, murray,. eleavation, aod depch sdauresents,. [L)
cercinent physical. biojogical, wacar chamisezy and soclo-economic data,

(5] Daseripsion of bow data was acelyzed, and

E7l Mapa, pbhocon, aerial photas, calculeticas, and any othar docusmasts
supparting thie spplicaticm.

L I chera are prEovisicoy for smiteriog this propased resscvatica of wger, inelwds
che followimg:

45N ATTACHED APPENDIX A

L

ﬁ

o =F emaliszrisg Bmiomes o= BF zEgLDg ITazixa. Blall casEs.
s LN

#

o= R e e

i

Toowisiors 2o savmeest D oaoeitorrow
= TESTIIoC T WA

EratessstE oooatsed 22 o rale prlitanior T TTe Ll memTess D= oon Baar ol oy Teewieaiew.

Soemed
L (Y. L s ITod TH5E AASTEL CERLETEERT OF FISH & LS
mileaezinl T==% Laca,. T (k-
1, =
Smca ’Eul-%rs'

Addreas all questions pertaining to this application teo
Christopher Estes, Statewide Instream Flow Coordinator, Alaska
Department of Fish and Game, 267-2142.
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LANDSCAPES AND RIVERSCAPES: The Influence
of Land Use on Stream Ecosystems

I. David Allan

Schpo! af Marurel Resources and Emvironnesar, CGravernte of Michipar,
Anre drbon Mickigan A5 0080 emymils delian @ uerich.edy

ey Words  cawhmenl, disturbance. sleessor response, stream health, river

B Abstract  Local habiratand biolagical diversity of streams and rivers afe scromgly
influenced by Jandfomm and 1and use within 1he sETrumdiog »alley ar muliple scales.
However, empincal associaboms belwesn land use ard stveam resprmse only varvingly
succeed io implicating pathways of infoence. This is the case for a nomber of reasens,
inclwding [a)] covaration of anttuopegeoic and natural gradienss In the landscape;
[b] the exisence of multiple, scale-dependent mechanisms; (¢ monlinear respomses;
ancl [&) the difficulties of separaizng present-day from hismoncal influences. Funber
mesearch 5 needed that ¢xamines responses (o land use under differenl management
strategies and that employs response varables that have greater diagnosac value thao
moany of the aggregared measures L CurTent use.

In every respect, ihe valley mules the stream .
H.B.I. Hynes {1975}

INTRODUCTION

Bivers ar moreasargly imestipatsd from a landscape perspective. bath as Land-
scapes in Lheir owa opht (Eobarsen 21 al. 2007, Srand [958, Wiens 1089) and as
ecosystens thal & stonpls =i renced by their somundings at mleple sceles
iAllan ef al. 1957, Fawsch e al. 302 Schlesser 199, Townsend e al. 30037
Eiver eookogisls heveJorp recogmized thal rivers and steeens are infeenced = te
laradscapes terough which they Boe (Hbnes 1975 Yaonmode et al 19500, However,
a lacdscape perspective of mvers coalinwes e evidve, meing both o Lhe emerpence
of landscape ecodogy £5 a fizkd of stody (Tuper el 1M1 Wress L98%) and 10
al increased Faos on calchmeent-scale seadies b freshwater ecokogists,

As Wiens (00 obeerved, river ecologists Tenve been deing laodsceoe mootogy
fora lonp hmae but just nor calliog it thal Landscape ecciogs places pardcular em-
phacis co kabita beteropepeiny. comectivny, and scale. all of winch bayz zeceived
coasiderablz avzmios 1o ninnm g w aters CAllan 1995]. 2orsever, mast ealier wock
was oond actzd 2t small spabial scades. oftemwithin stream reaches of a few humdred

15435000 150237824 rlyy
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meteis b thet iubigdiateg surouimdiogd) less dudshletntion Was givea Y the im-
e Larne ol Lorger sptind anils, Oue gurrend understanding of rivers. as with athor
ccosysiems, increasingly incorporndes a conceplunl framework of spatially nested
conrclling {newes in wihich clione, peology, and wpogesphy o lurge sciles in-
Hucnes e geomuombic proccases thl shape channels al intermodiato sealos and
thereby crente and muintain habitat importund to the biota ot smuller sonles (Allen
& Stur 1982, Frissell of al. 1986, Snelder & Ripggs 2003} Kevogniding thal rivers
wre connples tesaicx of habit Lypex and envirommental gradicnts. charsclenzed
by high connectivily and sputial complexity, riverine landscapes increusingly wre
viewed us "riverscapes” (Fausch et il 2002, Scliloser 1991, Wiad ol al. 2002), o
unil thad ix ymcpubde Lo sludy over o wide rioge ol seales from o bruided river and
ity valley (Tockner ol al. 2002 to smull hubitat patches (falmer el al. 20080,

Investgnoes incrensingly recognise than Bumin sctioins o the Indseipe seale
me n pripgipn] threnl o lhe ceologival imtcgrily of river coosystomes. impucting
habitut, watcr quulity, snd the bioty via numerous ond complex pathways (Allan
ev nl. 1997, Striyer e nl 2O08, Towisend e ul, HEA). In sddition 1o s divee
iftugnyes, i uag imleents with odhge nethropogenic drivers il wficet the health
of stroam coosystoms. including climate change (Moyer of al. 1999), invasive
pecies (5eot & Flelfman 2000 ), und dams (Milsson & Hergpres 20000, The recent
icriing 10 sllidics 1hie seek 1o extaldish celilanmbips belwesn Il use mud sleeam
comdition ik driven by soveral developments: (i) the widespread recognition of the
cxtent und significunee of chunges in lund use and lind cover worldwide (Meyer &
Toriser 1444), (4 condepiunl nnd ioeudological slviowes in lsenspe cgnlogy
combingd with the ready gvailability of lwl useand cover duta (Tumer et al.
20k, und () the incrensing use of indicntors of strenm health o nssess slatas and
trefds ol rivers (Kirr & Chii HXK), Martis & Tluans RN,

Hierarchies, Hahitats, and Rindiversity

An galennive lilersture explores the hyerarehical poture of miver iysiems, from the
lurgest spatial scale of landscape or busin W successively smuoller scales of the
villey segment, chasnel reach, Individunl chiingl it (el as viflled arigl puols},
ml anciidabsi bl {Figoes 1Y (Fousch et o, 3WHE, Friegell oL ol J986, Muonlgomery
199%). Decause kiream ceosysloms ure typically churacierized by habitad und bioiis
observed it the senle of o rench, yyploally 187 1 min Jesgoh, aisd ocal species
ssneraldnges e wleongly ipftueoced by habital quadity wnd complexity. this poo
murphoelogicsl frumework suggests how the stream environment ot the local senle
is whfluenced hy the surroumding londacape. Renclh-level chnans] nwrpdulogy is
influcperedd by vidley xlope ad confinement, bed wwd ik mutenial, and rparian
vegetution, as well us by the supply from upslope of waler, sediments, snd waedd
{Monitgeinery & Mualkmtall 20002, Many fenioigs ol the dy naenis rivee channgl
are muluslly adjusting (Church 2002). and human activities on tbe landscape thul
affect water or sedimeni supply or thai stabilize or desiabilize e exisnung channel
ahipe wre Bihely Wenet ol complex cascnde of chigges et ore ulimstely nnifoxt
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L0} ALLAM

inultered and possibly degroded strewm habitut, Motural hydrologic vaniability, and
high iflows in purticulur, move and sort sediments, und through cyeles of erosion
and deposlilon creae o viclety Of chisnnel faawres, Beluding riflles, pools, bars,
and islinals) coose Chuiae ] imdgeativag reosiobin (o pluin conneclavily s oiher
vorplex elements of thwxdptnin river chapnel, inghuling meander laps and side
climnnelx: andd make the lind=water interfivee both vomplex sond dynamic (Junk ¢t al,
984, The resultant over-chunging mosuic of habitul putches, ecotoney, und suc-
cessionu] stuges. . the riverseape in all les complexity. s largely responsible for
the Righ blodiversity of hese systenss (Robison et al, 2602, Ward 199). In this
paleh dymmnica peespedlive (Towisemd 1ORS, Hilidlrew & Ciillee 19943, the inlerne-
tiven bebweon spaceics- spoei fic binkadad necedx, Tifc historiex, amd disporsal whality il
the ever-shilting tempocal and =patial massic of stream habits xupport gronter
diversity than would vceur were the hubitat unchunging. Thuk, both the variety
and the variability of habit are imponam in influencing ihe blologleal diversity
ol streanes andd i nked W e Gicger <treiiy sysieny aid surrounding Libedso e,
Hu ot sctivenn f the lanedsenpe sueale diseupat ihe geannaprhic peocesses thl omin-
tin the riverseupc wnd ite wesegcimted Baoly andd frequently result in habsitat that is
hoth degrided and less helorogencous,

Assesament of River Healih

Frologienl inlegrity. strewn condditian, angd river health aee tormx (hal deseribe the
statug of fuvial ccosystems wnd theic rexponse 0 human influences. Condition
i% defined by similurity of u test site 0 o set of least impoired reference siies,
whether mensured by the sum ol several ndloaoss, such os the number of inoleran
Apecica wiid U vichisess [Todes of Biotie Wtegrity (TRIY, see Kary 1991], o by
the numbaer of abacevisl Lian celabive e erpectad (Bivpoes, see Weight TS
Aurriviw, ko Mormrin & Tlhawking 20000, Additional mensures inulude (s richness
of wenkitive specics: variouy biclogicul and ceclogicn] traits. such oy bedy sive and
shape, life history, and behavioral traics (Townsend & Hildrew 1994, Corkum 1992,
Usseplio-Foloera oo al. 208K, Kichords eral, 1997, P e al, 195959); pollution
tHermee (Hilsenlwd TORRY, nral ecosystem provesses, such oy phodoasyntheesio mid
rexpirmtion (Funn ol ol 199 Hubitid wod wider quadily arc aluo cvabhusicd uring
individual vurinblos orcombinod moetrek (Barboor ctal, 1999, Thux, a wide varicly
ol wsseskinent ruethods are uvailable w evilduuie the response of stresin condiiion
to a grisddent in land use.

Tl sluspre ol et relulivesdbingy Pl o slican reapuose Yaoable wad woreidiin
e trews (Figoe 23 likely depemds mutually on the senwilivity of 1he responase vari-
able wmd mode of westien of the caviconmental stressor A gradusl decline indicating
incremientul chunge in strewm condition might be expected, for example, it a steady
Increiise o sedimentition aoued on a species assembloge thil wiid approXinotely
lincw ly vunhesd 1 thete seositivily e sedunents, Moolinene sespuonses we capted
whenever 1he apogies in guestion, or the majorily of speeics, cahibil o xensitiv-
ity throshold G o particulur stross, such we the Trequency or magnitude of high
flows. Although the response of 1he hiota to some sressors, such as insecucides,
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iligh

Blotogical Condition
ra

Luw

1.ow o . = Hlgh

Anthropsrgenic Srondlent

Figure 2 Hyputhatigul relptionabip abepiching possibls resquonsgs of wbeem biclogicnl
gomgdition (tagon righnesk, aesemblage kioilarity, or o bislogica) index, scaled o bost
utiminsble ar reforencg conditione) tow grdiont of inerousing eavironmentul strogs.
meiisurod dlrﬂ.lly ik ... sedimentiation. or indirectly as, .., sEnculiural lund in
Ui Citchment, Poxsinle résponse: inelude (u) nenhnesr response cocuiioig i e high
range of tie gradient, (b) subsidy. Suess espoise, (o) liktat feaponise, s (d) foilien
{ihredluald) ieapeane cocliring i the low roige of e poadicol, Cacves (o} verosx
Cely idivute Jow veosos bigh sensativily W oo strassaor, Moditied Trom Noens & Theans

CTEY aieed Oainnn {2KND),

in capeglcd e he only popalive, o pumber of cyvironmepinl giecesors bve pog
ilive influcnee sl low (o moderde concontrdions, Tor eanmple. o subsidy stress
response (Odurn et ul, 1974 may be o common ontecome of riparian thinning and
I low intensity of agriculture, in which initial increases in lighy, numrients, and wi.
T WINPErGIuNes Inoreose periphylon Toidiss bl buiicicanverebrate abuodue,
Witk v dpparent dedlice i diversily, Wherein Ticther intaasilication of agricalluee
resullx in Jeasn af diversily amd aenzilive speeies (Ohann 20000,

Limadely, the ange of stronm condilions from prisiine io profoundly ine
pucied roflocts tho syslom™s inlegrated rosponse 1o various humian distucbances
neting through the physical spuce of the cotchment hicrurchy, over shon (pulse)
ithd long (pressy durations, ind with discading inflieices vin locol Rabiatat airue
e il feaxd wely intgvactiond (Ouaon HH0, Townsend & Riley 195990, Dillzent
disturlunwes will gaerd their influgnee ut different xpatia] sealex amd by diffooent
puthways (Table 1) Becwose sirgamns are usually affected by imultiple and inicr
neting disturbances, matching a rosponse o the responsible stressor can be very
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'LABLE 1

Frincipal mechamsms by which lund use inHuences stream coosystems

Envlrummaonisl
Iaglor

Eiferia

Kalsrencen

Srdimeniolinog

Mulricnt
cmichmienl

Cumtominunt

pollislen

Hydrleyoe

ulteralun

Ripurien
Cleanigfeaopy
opning

L oof lurgn
winndy dehria

Inurcance duchidily, seoucing and sbrasin; impain suhstoic
S IbLY For peri Py 1on ko WioH 1 produd ton,
A0S FORETR PRIMRARY Presd o anm and fond dualiy cansing
buttum-up cifeela thraugh Nead webs; m-flling of
INCETANE ] RADM AT BUrind © Fevide of Cifdy ifg (RYErTenrates bid
grovel-pawping Bohon o gl (s &pd eypirsicry sirac s
reduves sbrearn depith hetenoyencity, leading i
Jecredie In pool i

Ineresven switdriphic Bumaas und predductinn, mauling in
chibnges W oascihluge composition, i luding proliferition
of NIAmMeRIous 8 gar. purncnkely s 1ght sl IR mases.
neee|erntny Jilter hreakedvwn ralen wnd may caune decrenss
i dramo]ved ok Ygeh dod Shafl o0 x2nailve apeCids o nidit
tlerand, (i1An R -nakYr RpAC P

It rcunes hewyy mclily, aynthcboey, ond Woaic aniginics m
JUSPC S ON A¥ Sl bAEs) wth SCUIMEnay DR In Gysuas.
wereancy e formitien; inereases minrtaliy raley anid impaein o
Mundarve. A, and eireigenee i invetlebedles. degneraca
Briwnh, reproductiian, condivgn, and sLrvival Amang hyhes,
dinrupn endiwenne wyalem; phymesl aviidanes

Aller runull-cvapsrenmiralion bulance, couning incresves
in uood magnltude wnd fregueney. God often Wowers base luw
conbutes b aleered channs| dynsmics. including 1n rassd
rrenion fram channel snd sumuenndings and leas-frogquent
wyerbraoh Mowding. runudT e efliclzody Wanagrons nulienls,
sprhimene, aad contimpgngs, thus funher Jagrading in-xream

hahilnt. Stnwng citees Teom impervinus surfacen ol mormwater

caiveyanoe by urbai chlchinents ad Mo desbiiuge syalens
and sl compaction i agncubrsl caschmenrs

Reduces shuding, causing increnacs in slream lempeinluies,
Tight pERcEation. And plunt groswih: dacroasdy bank
wighility, inpuia &f hitior and waded, ond rpianan of poinenin
ared cunlemtinants, ieduces sedonent apping and nvicwes
bank und channel eroafon: sleers quanilty #nd churseter of
thrro vl n-rgu.nir.' cartoin moching imame, lowerg miontion ol
henthic orgunic romlter inwing lu kaa of diveet it and
FRIALION ATRuC [ufes: Dlteia ORI stiduilie

Rrduces auhalrate for ferding, ailachmend, aml cowver;
cavaes bowe ol aediment mid vigame muteral lorege:
reduces energy dintipaiuan, sloers Now hydravhics and
inarafarr: distribntin of habiloie; milucay hank vinkibty,
inlluenves inverichrute and fizh divernity aod conanuonity
funcuon
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Sutheriand el 2002,
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Winsd & Anrutage 197

Carpenter e al, PR,
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Munniac & Parr 20612,
Mivog: ¢l al, 20602
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Rallond 2000,
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Woodward et al. 1497
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Paul & Meyver 20801,
Pisff d Allan |9,
‘Walnh el ul, 2K11,
Wik cf al, 2001
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Curnell el ul, RS,
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Fhrman & | amhent 182,
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Johnron ool 20605,
Muricirl ci ul, 19,
Ruuilzr et ul, 2NN}
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difticult. "Thus, it muy be possible to determine the degree of impoirment aceurately
without schieving the saing level of certainly segpiiding cnuse (Ciengel ot ol 2002,

THE INFLUENCE OF LAND USE ON RIVERS

The plabal traaiticn feom undislorbed o humsne-doeminaded landscapes has ime
pacied ecosystemns worldwide ond made the guuntitication of land use/lmd cover
theranfier, Lind use) i valouble indicator of the siae ol coosysionn (Meyer &
Turncr R4, Hunddreds of sudics devcamont statistical askocintions botween lund
use und meusures of streum condition using muliishe companisons uhd empiricol
nodels, ind collectively these studies provide stiong evidence of the impuarionee
af purrounding [nodseape smnd Iomea activitios (0 strown's coological integrity,
toreover, the extent of land use trunsiormavion is staggering. For exnmple, hefore
the developmem of pastival igriculiuie in Mew Zenlind, nune (b 80% of 1he
Dwred wi foreriel: toduy, merivoliure., primucily the gruzing of neuarly &0 million
sheep and cadtle, is the dominunt lund use in the middle and lower catchment arens
of Bost of Mew Aeilind's sirdiois i rivers (Quinn 2000).

Mul purprisingly, sgriculture wacoupicx the largest fraction of lund area in many
developed calchrments, whereas urban lund use 1% 0 much smatler fraction. (1 some
L) mujor piver Basins of Moith Aerice, agiiculiicl Lisd oae vivisl fronn neae
arret in o rvethern rivir xyatems W 60% in the Upper Mississipm Basin (Ronke
& Cushing 2004). Bix major river bosins of the United States have more thon 1%
of thelr aren in sgelculiure: the Fower Missisippi, Uipper Mivsissippi, Sonbem
Plains, € Maa, Misscurd, amd Calergela, Wiihin the Upper Mississipn, the oxtont of
agriculture in lurge trbutury busing varies from 25% in ihe S Croix ond Wisconsin
Rivers to %54 i the Mianedomn River Hasin. Comparisons of seall subeatchiments
within u larger cotehinent bave reportcd e the catent of aprculturanl land use
varies even more widely at this smaller spatial scale, from 1% o TR (Roy et al.
2AREY, 149% wy P, (Richards e al. 1996), and 365 00 8459 [(Rath e al. 1790403,
Kurcarnn dlepining these Inadsenpex con ke capegted (o caporionec o wide runge of
humun influences.

Urban Loned wse 1% commanly o low percentape of minl cvshoent wen, yal
it eacrie w dixpropertionutely large influenee buth proximately and over distanee
(Fuul & Meyer 2001, Urbon Innd excesds 545 of catchment sren in 24 river hisins
and exaedds 1M caaly T 00 the 150 Lrge Bisins af Moith America {Renhe &,
Caxhing 20043, Huwever. o lurge pereontage of the lund wren of small cauichments
may be urhan. Among 30 small {100 km?) subeachments of the Ewywih B,
Cigedia, combibied lew. ad bigh-denaity urbun Tl arcy avseuges 15%, with o
maximum of 6 1% (Roy ot al. 2003). Impervious surfuce area reaches ns high os
A1 Tor small sirentnms in mr.tm;ml'umn sttt hiveinta of Mellwnmne, Australia
{Walsh ot ol 2000, amed wrlwn haed aeci ix o high ws 9795 0 smad] catchments of
southenstern Wisconsin (Wang ot al, X3

{nher lond uses otfect siream concition, eluding taresy, aimng, ol weres
whion (Brywe et al, 1999%, Howevor, must landscape-scale studies of the influence
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ol Lpned s om slegurn hove comtrasled the varying catent o agricullural. urbuan.
und naturul wsually forested) land, and 5o these siudies are the primary {ocus of
hin pevicw,

Some imporiunl cuveats upply (o studies ol the relntionship between land wse
] strenet corelition, Becouse lond use suros b TOOE, severa) mopsyres o Tup use
mnay predict streum condition nearly equully well (e.g., Herlihy et al. 194%), and 50
the terpreintion thin oo puirticulnr bind use viniahle is 1he praroney dreiver al sirenrn
conditisn must be made with caution. Comparisons of land vse implicitly substitute
sfge B uine, fi 1he e instled assamption is that locativas differing in Lkl
usc wre kimilar in essentindly wll other respects und can be viewed ax equivalent
Iy the progressinn over Did of B aingle nition expotisieing e wihsitsm fonmn
nulwrsl 1 developed land. Forccaxling changos in siroam coosystoms in rospunso o
changing lind ute runs the risk that the relationship will change aver 1ime owing, 1o
chonges in spevilic praclives orin the cnvirenmend itsclf. For oxunple. rovegotiation
of the riparion io reduce siream temperatures may be negated by foiure climae
ghange; develepmagnl of gropw wath cogiacereid posl rosislamnes may redusc uke
of pesticides, thus removing one of the pathways by which agriculiuenl land use
EHT T PRI DS

Apricultural Land Ude

Mumerows siudles have docamented declines in wialer quaildily, habdtal, ml bio-
lugivil wenemiblager ws the oatent of agricultural lund increases within cotelinends
(Kichards st ol. 19490, Rothet al. 1990, Sponseller stal, 2000, Wing etal. 1997). He-
searchers comnmisonly roport il kircwns dridning ugeicullural lunds suppon Tewer
species of sensitive insect and lish taxu then sircoms draining forested catchments
(Cienito of gl 2002, Lenot & Criwlord 19094, Wang of ol 1997, Although re-
searchers report thut row crop and other forms of inlensive cultivation strongly uf-
fegt srewn vonalition, the iollueaee of paedore pgeicuallure ny be loxs promounecd
(Meudor & Coldsiein 20003, Strayer et ol 20003}

Apricullural Lol use degoiedes siigiionas by iocrensing noapaind iopuls af pol-
lutunis, impacting riparinn and streurn chunnel habiti, und altering fows (Ta
ble 13, Hagher inguata ol scudimgntz, nutriens, aod peabicides pecompnny ingreascl
agriculturul lund use (Covper 1993, Johnson et al. 1997, Lenad 1934, (sborne
& Wiley UBHHY Laivdsvipe micines, fuirtigulurly the progusinm ol sgiceliuee in
the catchment und lorost in the ripurian zone, expluined 6590--84'% of the vari
Al i yaclds ol nitrigen, dhisadlved pliosphori, i adspeesled solimeisis fiy
78 catchinents ucrows the five-state Mid-Atluntic Highlands region (Jones et al.
20001, Elgvated nuteisnl concetrntives s reporied Lsedult io geeater ayal pro-
duction und changes in autotroph assemblage composition (Delong & rusven
FEIR, Cjuiniee 2000, Heowever, the bypoadic gonditions (hyt Digh puivien Jomd-
ing couses in lentic und coastal waters {Carpenler et ol. [Y98) are uncommaon
i areesidns aodd are likely o occun aily i hnenlized weas of slow-rooving wiler,
bOocawse light levels, nutrient concentrutions, and waier iemperaiure all tend 1o
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ineeiae s cbpannn fowesl is Tost, alyal tespamiag toby b iitlucaiggl By one o nuerg
uf those fuctors acting in concorl. Chunges in slpal biomasy and compoesition in
the upper Konnoke Basin wers prinurily niribuned to light and wmpsenmse be.
cause nulricndy worg hought o be suificionl o gl sales (Spamscllor of ol 2000 ).
Another common response to lost riparian forest is incrensed macroinveriehrate
abundhue, partecalnely poiers, nx the fiwul web becormes ipercasing inllueneesl by
awtochihenous rthor than allochthonous onergy sources (Delong 8 Brusven 1998,
Uutnn 20000,

Agriculiuesl insgolicide and herlicide onedt is likely respensible for some of
the associstion between agricultural land use und stream biots described nhowve
(Carnpen 1R, Shineer a0 al, HEF) bowever, evidenee comes primarily funn -
culizcd tanicity testx ratber than from landseape: seale investigations, For example.
field enclosures using eoged wmphipods und Biboritory wsi tit exposed inidge
lorving 1 mipesm sediments shwowed pesticide tomicily in an agriculursl enlchiment
in the United Kingdom (Crune ot al. (996). Burthermore, the disappearance of ¥
of the 11 il thaindant invetiehrale tmdi ot o reach of heud wiler shienm afler
surfuce runaofl from arable lond wis sulnbuted 1o an insecticide (Schuly & Liess
1949%), although most species recovered within O 11 months, indicating a pulse
dinluebumee, Regpuse the coneenipnlions of ppeicullupal pesticides wnd horbbcides
arc soldom mewsured in studies relating agriculiurul lond use @ stream biota, their
role nuy B more widespreod thin o5 recogisd,

Strewms in bighly agriculiveal lnndyeupes eed e have poor habital guality.
reflecied in declines in hubitt indexes und bunk stability (Kichardys et al. 1496,
Roah g1 ol 1My, Wang et ol 1007, ux well an greiten depuasition of kgdonenix
on ind within the strearubed. Sediments in runodl from culiivated lund and live
stock wrampling (Ouinn HKK), Seand & Merrhl FERY e considarsd 1o be pat-
tuowlorly influential in stream impsirinent (Watcrr 19053, 1n the Picdmant region
of the Chattahoochee Wasin, Georgia, sediments in the channel incressed with
ieisanaty dpciculingal Limd use, while héleragengily in atream depth sl ihe i
versily of fishes associatod with coarse substraie in pools declined (Watser & Burt
IV

Chungex to sircum hydrology owing B merciascsd agricoliural land vse ure vari
uhle, depending on cropevupolrunspiration rates compared with nitural vegeiation,
whadipes W seail ifillration gapuily, exlent of drmage syaleoas, and, i thers 14 -
Ealion, whether water is extracied from the river or from groundwaler. Mean snnual
(low of the Konkiskes Kiver, Wivis, inoreased during the twestleh cennry without
any verrespanding trend in precipitation, implicating lond cloaring and urbaniza-
Lo s the cause of yrodter runof] (Peterson & Kwitk 1999 Siotm ilows Conmely
ingreusg i pagnibde wl fregueney, erpesinlly whers rumed] s onbneel owing
{o drainage ditches, subsurtoce droiny, and lovs of wetland area. In nddition w
the it of low extiemex on eroxian wsd habita, high Nows con climieale an
if kuch cvents oceur during sensitive life stuges or with sofficient irequency that
vadly seinislainl adul cigracdly diapersinge dppedios don olesale Hesn, Mudroinverchrales
thadd are able to withstand dirlodgement or that hawe shor and fagt Llife eyeles and
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geaird celomizing ability predominated in Lighly agricoliorsl sicamik of Micligms
(Richards et ul. 1997). Alterntions to flow regime affect stream fishes by down

alicain glisplacgonnnt of gurly bife stages amed disruptnm ol spaesming (Harvey 1987,
Schlosser 1985). Although annual and stonn Mows typically increase with agri

chultobil Ll wsg, bise Hews ofien decling cwing o realoceal mdiBoition and oree
epikodic export of water (Foff et al. 1997}, This decline results inan incressed arew
of shallow wisler Babiar, which osuslly licks strociue siud s more cisily witinoed
(Richurds ot al. 1994),

Whetsvet igriculiare or other anthropogenic sctlvity eatends o the strenm
rrirgin and swdori] riparinm foeest ik removed. streums aee wsoslly wanmer during
summer and receive tewer energy inpuis as leat licter, and primary production
waly ingenpues (Quing H008, Bagk stability msy deerenze, alibough establish-
ment of deep rooting grasses can sinbilize banks (avies-Colley 199/, Lyons et ol.
20000, need 1hie oot of’ Lo wannl in the strenm delipes markedly (labpsog
cl al. 206033, Stable wasd substrute in streams performs mulliple functions, influ
endcing chininegl feniex aned Joeal How aiwl Bobitat and providiog cover fon flsh,
perching habitad for invertebrates. and a substrato for biodilm and algol colenization
(Giregory el al. 2000). Ik absenece can bave o profound intluense, For eiample, the
prescned af woasl pdded an sverape of 558 and 26% 10 reach-love] leval diversity
within highly agricultural catchments in Minnesotn and Michigon, respeciively
{Tehmanan ot al, 2HNE),

Urban Land Use

Subatittial chinges in blologicn] Gadeinhliges e asdocilimed with inerensing cineh-
ment arca gy urban lasd {Bowh & Juckson 1997, Klawda of al. 1998, Lenot &
Crowilord 1994, May et al. 1997, Muorley & Karr 20082, ‘Tong & (hen 20002,
Unprplio-Pulniery & Beisel 2002, Wapp ot of, 2000, Urlunivation is e sup-
gesied cnuse of the disappearance ol anudromoos fishes from wibutaries of the
Huclserpy Rivey {].jmilwgp & Sehmvide [99R0), Change in the smount of conngsted
impervious surfuce was the best single predictor ol tish denkity, diversity, and hi
ottt inlegrity aereds o grwdiend feoe predomionmily speicpliueg 1o peedomingnly
urban lund in soutbeastern Wisconsin (Wong ot al. 2001 ). Tnerensing urbanization
drwsng M) sies wallun the Elewah Calchingal, Ceongin, wis aegalively -
luted with waler quality. habitat, and measures of the macroinvericbrate asseme
Ilige (Hoy et al. M) [Deipie the iy fuctond Hudighl W petentially it
Macitie sulmon populations. porcontage of wrbun land, alung with wator guality
and sediment flow event:, explilngd mors thin G0% ol the varston i £ hinook
silmon rocraitment io the inlerior Columia Biver Basio Trom 1980 1990 (The gty
2{X)3).

Mugur chiangos wssocintod wilh mereased urban land ares include inceeases in
the amounts wnd variely of pollutsniy in funott, more ereade hydrology owing to
incrosed impervious sorines arcw wnd runof? conveyance, incroased waler tom-
pernres owing o loss o riparian vegedon ad wiribng of suifhoe sunotl o
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eX pomed suelnesd, ikd rediidioom i dlimel g Ridsital situglin'g owing la sedisrienl
inpuis, bunk dostabilizntion, channclization. und restricted inteructiong botween the
river and fts land murgin Clable 1) (Paul & Meyer 2001).

Ernhas sl romd T o impenviens sarfpees amcdsioemmaw ] o caonyveyanec sy slcme
cun degrude streams und displuce orgunisms simply becouse of greater frequency
e imteosily ol Moaads, eromion of strenmbedy, and displacerossd of sedimenis
(Lenat & Criwfurd 19494}, Modeled runofl within the Little Miami Basin, Ohio,
With ehtimiteil oo Be e thi 305 Uines grentar fiom impery iy thab o per-
v kurfieek (Tung & Chen 20025, A vomiparizen of strewms in metropoliton areas
and sumrounding lands of Melbourne, Australio, found thut muerolnvertebrute wxu
nichness declined with incrensiog mnpervions surfnee, bul siveima of comparable
iperviousness were markedly more degraded in the metropoliton dridouge sys-
fei. Flushiness of runoly wis consldersd (he privancy influcnee Whroughoun, b
the prowcnies of slormesator conveymnee syxtoims in the melropalitan arca hud thic
udded elfect of even grealer flashiness and the conveyance of multiple pollutnnis
{Waldly cL isl, FHILY.

Whether urbun lund or impervious surfuce is o better predictor of the response
of surenm blown may depend on whether s primary intluence | via flow alerat ion
o alner Invalyes gl lutno s, Tneeed, baglogical eexpunse ocasurcs have been Yiicr
predicted by impervious urea in xeverul landseape studies of streurn urbunization
(Cirmey & Prenve] 2000, Wilsheen ol 2000, Wiy et al, 20017 daul by urbiin Inmd
arca in others (Morley & Karr 2002), sugecsting that hydrologic influencos nre
primacy in some studies, but the broader range of influences represenied hy urbun
o iy be ops jippociugt i ofligrs.

Liecause multiple pollutonts enter urbun strewms, the direct influence of purtic
ulnr chesicals und menly is rarely densonsteared i compirsony of urbin Lingd
use within culvhimenis. Aleng o sicep grodiend of urbanization in the vicmily of
Anchorage, Aloska, mensureed us o perceninge of impervious rer, macroinverie
bt wan richoesx declingad, mul bderant D depinecyd ieledpl e (Chacso &
Frenzel 2(003). Urbun lund use, chemical fuctors, chunnel condition, and msircum
Babita a1l corielied witl inpervious pes. However, straioy and cipsician hobin
did net yury nx sieongly with imperyvious areun ws did waler und vediment chemirtry,
SUZEEsng thit contninnnts may have heen of primiry imponance.

Ax o vanss o cliynges ia the Tiedy, lubitad sdegrdytion in coxprmsg 1clech-
mend urbunization is less emphasized than other factors, purticulurly low vari
ubiliny, ilthough clhanges o bed sedimeny wee coonnwmly reponed (Morley &
Kwmr 2002, Ruy ei al. 2003). This deompbisis of habitat influence muy be bee
Ciltlse Aodne LUrbin sirewims hive proteeted corradorsd Uit malnnis phy sicat hubin
bl nesd wder qualiy, o bocwose babild v melatively unifermly degrivied simong
urhanized siwes. Ahbhough cawhment impervious wren wak the hesy single pre-
dictor of fish denxity, diversity, anel biolic imtcprily in southeustern Wisconsin,
stream habitnl wik not well correluted 10 increasing urbnnization, which ihe au.
Wnn's gibtabiiled o i’ Bpbntad clegradalion waacaialed willh pgracalbucg (( Wiy gl al,
2001).
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FOUR CHALLEMNGES

Vo beelly, by champing the hisdeonpor of girewn ontehmoms, human aetlivitics
ulier strewmn ccokysiem in multiple ways (Table 1), However, our undersianding of
the sglitienships elween dinlcapriyanin Tl gss sel the gyelugigol inegrily of
prciyny iv complicaled by coveriglion bolween nthrepogenic sm) nutuenl gradi-
enty, issuck of scale, ond unceriainties concerning the impofunee of legucies and
thawaludhls, Thede dhullenges nre now exnmingd andivichaally, allswgh all may by
ol imporlanee in o parlicalur vwlchmment siudy.

‘ovarintion of Anlhrnpngenic and Watural I.nndsmpc Features

Coirmbigrts ol aetbevpnigsog e luse mg fecopuently superimpased cnpnunderd ying
gruddicni in purent geological mnterial, seil typo, topography, aond olber {eatures of
the natural terraln. Amhropogenie and naural fnewors coviry heciuse the loney in-
iluetziies the slitaltlly of keatalions (e aprigalueal sl acban develiynnend, Kiles
ncwr onc another lend o be olike in both nadural Testures and human wses, and
spatial dependency cun be antcipaed iy the distaliitic of oigiinmins owiiig W
it Linlvlal foguiremeala sl Endeney I dispere oatwards froen beadions ol
high population recruitrnent {Corkum 1994, Whenever anthropogenic wnd nut
ural gradienes aoviry and only anthiopagenic lind uae s ansenssd, the il
atlribadiedd e bl wse dan e overeslicialaid,

Whethor natural or anthrepegonic variables are found (o have the stronger eifect
on siream condition depends substansiolly an the seope ot the sudy, as well as on e
idegquale tiessurranenl of luath types cf vaciubles, Mulrignt paal scdiment mconsures
often show that Tand use overrides nutural festures, purlicalardy in agriculiurad
lunds (Johnson ei al. 19497). In Lapwil {reek, 0n ngriculturally aopared St i
meathern Iilubey, Baochiomal groups of mpgeoinverichrados wers sisnibar menong silcs
despite expectations of ditfferences along o river conlinuum, snd the assembloge
composinon was minrkedly differsnn from iha foutkl in [ess-inguiiied stcaitis
iNclung & Revwyen 190, Dekpite sutstantiol varisdion in termwn and the catont of
ripariun vegetation, the relative homegenzily of the macroinverichrale assembloges
o thetse sied Wi ierpieisd, vin bcrgmed sedimentationy and the duavniioiee
of periphylon s on cnorgy sourec, ak cvidence of tho vvorwhelming offocl of
agricultaral land use,

Ml Sty iy s of priney imapautance wheo b inlluenee isoninar,
or whon human influence is widospread and tairly vniform across the study region.
In u sludy of ¥ catchments whhin the relanvely undegended Northers Likes il
Firgat Fooregion of Wisconxin wad Michigon. anthropogenic Tand vse wak not un
imporiant predictor of stream fish assemblages und witributes (Wang e ul. 2003).
The diversaty atid abisdiice of nedluska i the rivers of 16 cotclineudx o Towa
were correhied with lindseapo Tactors indicative of erosionul and groundwaler
processes, principally the uverage percentuge of slope and percentage of lund nrea
cornpumed ol alluvinl depoxits (Arbyek e S Thowning 200023, Passibily e the
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entire wren ix highly ngricolorn), amhgopogenic lind use wis aot b predicoo. The
distritutiven e mwrllasky tuoaghaoul p eslehment in southessiern Michigan win
well comrelated with such local habitol measures ns Now stability and subsirate,
which in wrn were niore strongly reluted to peolopy thin s hun wse (MueHae etal,
HWEY, Although goclogy wnd anthropogonic luwd vse lth vancd througbiout tho
cuichment, the former appeared to huve the stronger influence over local habim
conditons,

Cocgual or wl lewst mizcd inflvence of nutural wnd amthropogenic vurinblos on
local streum condivdon s a frequent linding, Hoth were influentiol in sxplnining
pteris i ovicerinvetebrile issembliges moong 5% villle sites disposcd theoagh-
oul the Tuieri Basio of tho South Iklund of New Zealund (Townsend et al. 2(03).
Cverall, the distdbution and abundance of mucroinvertebrntes were hest expliined
by peanienphodogical Bictors ol the citchoent seple, by goroixtoes of peomuorphil -
opy und lund uke at the rench scale, and predominantly by lund use ot the bedform
(local, nffie) scale. Fhysicod habitat varables explalned approximaely one third
tey v bl o vaenaticm in mocooiovedchents gssembilpges, depomling on scwuon,
wmang 44 xites in the Saginaw Bowin of Michigen (Kichards et ul. 1946} Approx
imuntely one hall of the hablie vartoion wis explalned by lindscope varighles.
Banklull width wead ither chaonel shape rocpsuees were uch more stromgly influ-
cnced by govlogy variables wnd only minimully by lund use. Woody debris showed
the oppuosite parililoning, wherens bunktull depih and ciinopy cover were sgually
infbeneel,

Covariation wmong aadural and anthropogenic eavironmental factors can make
uirlbuting, relmive intuence difticult oF impossible, For exanple, o sody of 25
agricullural Aleciom io caatern Wisgoasag foond ot sgricelture was o strong in-
Muence. but the interpretation was complox owing (o covariance of nutural and an.
thropogents virlables measored mmulilple spiual seales (Fleapiick e, 20005,
Strearos wills mese thun WHE agricultaend Ll in thear hydfees wers admost invari-
ably impaired, particularly as indicuted by nn 181 lor tishes, whereas invertebrate
inel mlpad merrion were less sensitve 10 Jaind use, However, heciuds npariin vege-
Lilacans, goolergie camalitions, amek hvdredogic conditicns were adl correlated with the
response of hicdic metrics to agricultural land in the calchmeni, and because the
teelutioiisbipa viried with the Hiaonaning groap wsdessed, rescchices coahd ol con-
(Wenlly scparale Wie intorreluled offvets of gordopic selling. ¢wlchiment and butfer
Lind cover, and base Tow.

Spatinl Scale

Multiscale investagaions eflen cvalue the rellionship between gtecom vondition
and lond use measured ot several of the following scoles: (a) the locol rench,
desciibed by o hulter of 1KY} s seveni] Bundeed meters in width on coch ook,
und korne hundreds of toters 10 o kilomeicr in lonpth: (B) o buifer of similar width
but of grester length, often the entire upsiream distance tor o small Swenm; und
(i) the entire catchmcal upstecwmood wosite (Figure 33, These sealex will B relored
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Catchment Riparian Ropch
abova klle bulTer budTer

* Sample olie

Flgure 3 Thige apubinl scules Wadely uacd o celaling libsaape vaviabiles
s ke physignl or Belopgieal meagors of giegum gondidivn, The gculchmend
ypicelly 15 o subcatchment oF o larger misin, Butier widthe of 10O 200 m
(e b ) aee commun, Muodified froen Muarely & Karee (20002,

to wr reach. riparion, aml calchment, respectively: the former clearly is local keale,
whereas the futier are two axpects of inrger scale.

Different cavicommenis] varishles of slrcnink con b cxpegted W vy i their
respunsivencss (o lorge- versus local-seale environmentul factors. Shade is influ-
anced by very I00al IUAEns B PIPREIIY YERATliod, WOTey tStfhernllite fenuinls
o phding vver disteen of hampdeedn o towgendy of meters, amd inpae of Teaf
litter and wood are local bul subject 1o downsiream (ranspon of varishle distance
(Adlan en ol TPEYT, Qi 200}, Mubients amed sedioenty cuo be ianspreatesd long
distuneok wmd ki may be inlluenced by riporivn conditions along o stroam's on-
nre length. Land use throughout the ennre ciichiment govents steenn hydrology
thrmgl its inlluenes svver cvppud eanspaepbicn, ipliliratesn, sl roaell conveyanee.
und land use is a sirong predicior of total nutrieni londing (Boyer et nl. 2(032).
The apidiad soale o which my elleut i detecdied is infloeneed By Bow clisgly )
ukc in the riparian marmors led wse throughond the cichment. by datn resolution,
by the interplay of anthropogenic and mural gradienw, und by specilies of study
dexipgn, For exprople, poaompacison of sl calchmends in kouthowxlern Michigan
that spanned a lurge gradient in agriculiure but included only minimal replicution
nl alidy reaghes Within galghiteits findied 1hal viaciatngy m imd ase al the colgh-
ment seale i the best predictor of steeam habitwd und fish 3] {Roth et ol, [996),
However, reach-seils VeAnion in D use Wik sapecion W calchineal-scale vari-
wion in predicting strewm condition within the samec river bsin when tho study
design examined muliiple renches within just shree snall colchimens il ditfeeed
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moderarely i lind use (Lanment & Allan TR, Viritaon i lind cover is olign
greaer ol the rengh wied ripawinn senlor thiom ot the vnichment seale, which likely
contributes t the grenter influence attributed to riparian lund vse in many studies
(e, Suudler et ol HRKD.

When land use i the roach and riparian scales is reporied to huve o strong
Intlugnce over streinm comitleion, divect locul pathwinys ire usuilly sppoest. Pusiie
shremrna wifly cngnional woasled roacher show ek phyrical ) abagical
changes over distunces of less thun one kilometer. Borested reaches typically have
conley lemperitures, wilder cluinnely, tower acdliroenin, mxl yeepter diverxily aff
inverichrutes {Abcll & Allan 20002, Storcy & Cowley 1497, Sweenoy 1993). Fish
ussernbluges in Heuodorion streains chonged {yom dominance by inseenvoronws ind
tnvativin [anw i pussls willy acar-abrenmy loresl gover L prinar]y periphylon-
griveers in open canopy pools, indicuting o direct food web linkuge (Dojsen &
Burrign 2M0), Meir-sirenin eonbected impecvicudiesd bl o steonper influsmee
un fish wxxcihlnges than did comparuble mnoonts of inpervioue surfuce locatod
farther from the siream, npparenily owing to increased severity ond frequency of
lgh-llesy events wnl hvwered hpaellew (Wyng ol ol 206013,

Liven maxdext riparion deforestation in highly forosted culchments cun result in
degradation of strenm habitin owing w sedlimsnt inputs. A comparison of two small
catchineods that were Teas than 3% sonlorcaicd wity two thid weone 1Y 229
nonforested (vund the lutter to have higher concentrations of suspended sediments,
Bigher ubadity at iiseilow, Bve toonne Diied grenter Pedload o pun, wul grealer
cibebednon: (Sutliorlumd of o, 20023 Dicforcxted ripuriun =irips groater thun one
kilomneter in length were assovialed with more fine sediments snd less habaun
thiversity i somthero Appolachion stemn, cven thyagh the ripaian siips werg
vogctaled and wll were lownded within o highly Torested catchmoent (Jones el al.
19O, Sereams Wi reduced Foresnoover el declings o ovecall Bsh abtindbngs
wmd an inrensg in sediment-olemnt sl inviive xpecics ab the oaponee of thore
that spawn in cloun pruvel (Sutherlund ef ul. 2002).

A mumber of ahmdics Bave sttnlied rewee mflucwes o catehmnent than iy lp-
cul land uke. although pathways af influoace may not be as cwsily detected. A
composie ndex of hablitat quility wos strongly reliied wy catehinent 1und use il
shwwel progressively wepkor ssascintions wilh riparion and reschescale land wne
in southeastern Michigun, where o fish IR was also more strongly associated with
lred uses Vhecruglavnal the viporign woud anbeatchoment than with eouch-sende riparian
vepclation {Rath ct al. 1996). Invertebrate metrics wore belter predicted by catch
Nt thiun by local-scule uebanizuuon i the Tager Soumd lowhinds of Wishinglon
SBe (Marley & Kure 20023, Cutehenent-weale influenee muy be grostost when the
primary mechunism is flow instability, nuinents, or some other {aowr reluted to
the: entire Lunlseipr,

Studies that examine u varicly of mensures of stream conditions in relution to
Ll diseg fe inultijple seilss fopartl, disaliprid gy, iniged inlluenes (Filapatriek st al,
200 Bichiords et ul, 1996, Both clol. 19496, Stowarl et al. 2001 ), Mucroinveriebrate
indexes were strongly correlimed with both cinchment und Fipirian Tl cover
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over a ennge of 3% 61% winl urbun aren and 3% 3% torest aren in 100-m
butlers (Kuy e al. 20033 However, wueronivedichete nudexcs were cven arunrg
strongly predicicd by envircnmental fctors guantidicd a the reach-seale, including
varialion in substrate size and ion concenientions, Decouse reach-senle conditicons
Wete MG Ramodniiled Wil calclurient ] dover, Mioae fesiilla me domnislonl wills
the view it lurge-senle lndscape Twtors wffoct the biotw vin their mfluenco over
local-seale physical conditions.

Monlinearitics

Strowm condition nlmost invariably responds nonlinearly (o o grodient of increasing
urban lund or impervious area (IA). A marked decline in spacies diversity snd 1H14
with nictebsing Welimidulices D been repoeted ot sheos m Wiscoosio (arcuned
B 12% TAL Stepenuck ot sl 2002, Wang ot al. 2000, Doloware (8% 15% 1A,
Faul 8 Meyer 2001), Marylond (greater than 129 1A, Klein 1979, und Cieorgin
(158 urban land, Koy 2t al. 20064, Additennil sunlies (reviewed in Paul & Meye
XM, Biopranak g al, 2NE) prowvicle evidenes of markeal changes in dischinrge,
tank and chunnel erosion. and bicdic condition ol greater than 109% imperviousness,
Although considerable evidence supporvs o threshold i surem heolily in the range
o 10 20 TA o urbun lamd, etbees disggies (Rledsee & Wilson 2001, Karr
& Chy 20007, wndd the relidionship is likely tov complex fur a single throshold o
npply. Hydrologic response is intluenced by a number of catchment and sweam
chrncieristles, ncluding slope, storipe, conveynnee and contectivity, sl chunnel
Cowany (B leaduos & Wiison 20000, Widsh et ol 20013, Alse. the xupply of comtmmmasats
in urbun glorm ranefl muy vary independently of impervious area. In contrust
tor the above studies, o comporison of 45 highly urbinized sies wound Senle,
Washinglu, reprnted o highly boguae decling in omuagrainverlchrate indeacx with
inercaxing wrbun lund and imporvious iroa seross the entire gradieni (~ 103% 607
LA, r-208 908 urban lund;, Morley & Karr 22).

Seeuens in sgriculiud ealgliments waeplly igresiin in goesd coplition yuptil the
ealeni of ugriculivee is relutively high. e than 3H9%--50%. In proviows |y forested
caichments in Mew Zealand, 0 macroinvertebrote fauna typleal of undamaged sies
wiis retalied and abuidinces enliniced by conversaon of up W 308 of calchmoeat
wees Qo pnsderg] Bpnd, bl imercirer i ngricwdturad Tund wbove 30% resulicd inanin-
cresse in pollution tolernnd forms, illustroing a subsidy-stress relationship {Quinn
2000, Dhinn & Hickey 19H)), b Seveonl stildies of Wisdodisif sleenins, g cicnlueanl
livnd wae Tl w xtrcng elfoct anly when it cacocded S04 of catchiment arca (Wing
of al. 2003, Wang et al. (997). ‘he response of strenm condion to extent ot agri-
SUlNre perass D72 sites fom 20 mijoe fiver Bisias trougluu e Tniled States
wur it variwhle, amid o Ioasd soamie siles hisl gessd lish eondition oven il agricul
ture exceeded 300 (Meador & Coldstein XK05). A swdy of agriculioml strenms
i Wikeohsin found anliontiens of o decline inn bsh IRE @ =06 ppevicalturg i
the cntebineni gl — 1O 209% aprivaliure in the buffer (Fitepatrick et ol 20013
unather study reported declines in habitit quality nnd a ish 1L only when agricul-
e Feached iy Sk of citc e ot soen, nnd sinne sites maintained bagh TRT ol
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hobital scores nt $0% ngriculture (Wang ef ul. 1997). The wide range of rexpuonses
reponed trown soreanss dealidag apriculisenl ladscipes clenrly imdicales ol exleul
of ppricalivoes ik pob by feelf raflivient w prodict the strengih of the response,

I.egacy Fffects

Lepicy effecis we the consezugnge of diniaplupees (bt continog W jnilueneg onvi-
ronmicntal conditions long after the mitinl appearunce of the dislurbunce. Uhsery
ing thut the preseni day diversity of strenm maceoinvertebrates and 115 in forested
chlehinesiis of the Apjvilnchinns, which previcusly hied been fiomel, woic nung
pirmiilur G stecwny fromn prexent duy agricultural fundscuper thun from present-day
primary forest, Harding et al. (1998) emphasized the importnice of the "ghost of
Ui s past” Imeipretiing of the influgace of Lonl iise i findhet coiplionte:d
when gyeles ol ghange aceor, such sx when sgricoliveal bamd coverts 1o forest. or
whon change is soqueniiul, s when forested lind i firel convered w0 agricul ture
and subsequently 1w urbin land. The linding by Wong eral. (Z001) b lal imet-
ris Pl rad Dubulal Yaries] slcaiely akag s mboaigativm grclionl was inlgmargbe)
ut tho loegacy of similer hubitad degmmdution ot ull sites under the common. prior
influence of ugricollure.

Crernephobigicul chuuipss hivalght oot By mwiltiple lomaon selivilies likely
have produged lgding, compbex, nndd oficn unapprevisted changer in physical sioue-
ture and hydrology of river systems, Lundscape changes that occurred within a
lew decodes of Huropean senlemant of New South Wales, Austridia, isclikdiing,
elearunue of vipaeian el Boewdplwin vegetution wcl drainings of swwmps. have (un-
dimentally alicred river structure theoughont victually the entire Dega cutehment
(Uricriey ot al. 1999). lixiensive habiat vansiormaudon has resuleed, inclding
chisiz] wided ity aewl mfilling of reals la bhvseland scelioos amd inemion of hewl-
wiker channglk vwing o mwre eliicient downstrcom waler sonvoyanee and down-
stream export of sediments, Overall structursl complexity hns been reduced and
lnreral comnectivity is Birgely st i nsddle rescbied Tal is tess ingreusel i the
Livwlnmidy, Llenusunlly, hmyitadingl comngativily is now groaler thon was likely true
of the presetilement. more dikcontinuous sysiem. Brierley el al. (194%4) estimare
thot it will wbe thousands of years {or the sediment-siaived opper reiches o etill
wilh sgeljingnls, while a1 (he e Vime ihe oversopply of k) in the lawer river
i now {rupped by exalic vegelution. The timescule of recovery from geomorphic
channel alteratons is expeclally long, pandeularly in compurisen w clinges i
Lurid ane, srnd o stpmnen bl wend channel shinpse iy never reach cquilibrivm
with ongoing development.

How much the chiannels of some liege North Ameridii rivack hivve Iost cumiplex-
i1y s enly recently been upprecialed, For cxaruple, the Willametis Biver. Orogon.
i% extinaied to huve vndergone o fourfold reduction in lengih of shoreline s lis
once exphansive Noodplain and hickwaters Bive heeny conlined 100 nmower ol
simpler shanpel in reppinse e goag eemoeyl, chanael Jredging. aml the deaining
of its Moodplain (3edell & Progeatt 1%84), Under the combined influence of reduc-
Uons i secdinent sujyply abed cosistruction of leveds, the Cedie River, Wishipg lan,
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hiw experienced n 35% decrense 1n channel widih and 45% decrease i channel
nren (Perking 194%4). Many streams of the upper Midwest huve been deprived of
windl by pusl limben i vest neul the tesaval of exisling wannl in the ghannel by
lesg clrives (Johowon cf nl, 20003), and hedwater ropgions have boen tranxlonned
by the removal of heaver and consequent reduction in dams and ponds (Maimaen
et il. 194X). Blevoted concentriions of heavy meinls in the water colunm and in
secliments of strealis owing W hied-rock soinig since ihe Lite 1%00s wete deetng)
iespunsible e eecliged ulvidonnges angd tliversily af nalive lidhes in ngethem Llnhg
{Murct & Maccoy 2001, Logiwy effocts owing (o prior lund ¢loaring, channel mod-
licutions, snag removal, mining, and perhaps other human aclions clearly pose a
inujod chillenge 1o Lnking présent-dny lind use with concurrent stignng comdition,

MANAGEMENT APPLICATIONS

The ngiislcgnigat of stegwdy edith aid its reaposiag by o variely of envaronmienial
sty inchoding g use, regquires well=iexdl imlicators of ceologicnl intogrity,
Compite mewsorck. such ae e TRT wnd percent awscmblage similurily. wro vory
useful in detecting oversll streum degrudation, but because of their ugpreguted
nulure ihey may be less eusly mierprered thum the behuvior of individual responte
Varuhles (Watdin & Melioslo U290}, For abicdagemenil bl fealorilivns acliconis
i b elfegtive, we st dingnose cause gy well sp grpcan b, which egyuingy
un improved underxtunding of the mechunismes through which lamd wse impacis
stream ecosyklems, Studies are needed that exumine the response of individual
species, wiits, and gullds and tha belrer conbeat the chin of ntluence fiom ol
iines B slbcuisl Yenfoiae vin sladies of mcchanisgia,

Cromgr inlerpesiubilily af ytressor regponse eolptionghips is uroally sehicved
when the rosponso variables sre tolorunce groupings, feeding and reproductive
guilds, wrnits, and individual taxn (e, Poif & Allon 1993, Townsend et al. 199497,
Dlnmeplic-Falutera 2t al, 200000, I coinpricimng e cesprmses G several nukirin-
verichrate melricy with soveenl palentind xloessoes usiog o lurgs ditn sct from tic
Mid-Atluntic Highlundx. Yoan & Nodoen (2003) found the propertionn] abundanco
of tolerunt taxa to be the most sensidive indicator of nutrient enrichment wnd hubiiat
degrilmion, wherens Epheneropieri tohiess wits the imast setsitive idicator of
high mistals uml ek, Bl linear wed momdinea respuomse rebulionghips wers com-
men, Vieing T bialogicn] smd | ooological iraite fur 472 invorichrio taxy from
['rench rvers, Wsseelio el ol (A0 identilied distinet ecologicnl groupings on
The Pinis o Pouly size, reproductive b, el sowree, aond Teeding habits, un
appromch it appeaes B dield promise Tor bioseseasment (Chayenad £ o], 20008,
TFurher cxamples include shifts in fish repriduciive guilds in response 1o sedimond
inpuws (Yones el al. 1%, Sutherlund ey of. 2002), changes in the relwive ubon-
ditnee of species thit Teed on periphyion versus Tead Buet i respoise o los of
ripein shole (Buoguen & Raeraga 20002, Coan 20003, s go psiiwsiodion beiween
tuxy with multivoltine life cycles ond small body sizes and the exient of shallow,
slow water hubital {Richurds et al. 19973, Thus, Fofi™s (1%97) srgument that A
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woambingdion of Innadecagae s habitad filtors, gether with cutegorizing or rnk
ing (nxn by fruits that detornine their susceptibility w particular environmental
conditions, holds much promise for o multiscale, mechaniste undersuinding of
nssemblage response o chinging lnd use and ouher bivmd-seale distarbunees,

Riparinn snnnngemienl iy paelicolndly allenelive boesose of the vipareinn gomc's
ot pod dircet influeneex on strcwm condilion vin well-documented palh
ways (Gropory of al, 1991, Maiman & Lecamps 1494973 und becouse il promisey
benefity thut ure highly disproportionate to the lind aren required (Lowrnnge et al.
1Y, Luinn et il WK However, gips in the ripicing (Wellee et al, 1EPH) as
well ds sibmurlace Tivin aod st dosins by puss the apuvian sone pnd dimioish
in effectivengss (Raclon 1%, Osbigng & Kovaeis 1993), Inwhilition, Tandscape
whange s the seale of entire cwlchmenis may bivve impacts tou groad for o riparian
strip (o modernte. Studies that evoluade the influence of landscape chunge neross
inultiple spatial senles reporn that STreiin Fesponses are comples sud intemetong
oo vary with Jocaton mnd lascform seitlng. For exoimple, nun ienl concentrilions
vlien relleet culchment il uxe, wharcus mugisinverichenle psagmblppes appcor
capeecinhly senwitive oo pumber of Laead hwbatad fuctors (Tonsaker & Loving 1905,
Strayer ol al, 2(H3),

Reversul of fund use w u lesy developed stote nt the catehinent seale ix rarely
practical, und &0 improvement ol stream conditlon more ofien depainds on best
management prictices (M) and improveiieiln i lundseipe oumageroent ad
dexign, Sunoe ol thewe activibies are at the cplghoneal senle, sugch g conrerva-
o Gllupe, reduced Forlilieer apphicition. s other agoicollural BMPs. as well as
ctforls kr minimize hydrologic chunges by retaining nstural Dow pathe and miiie
tion capacity. Other BMI% are more proximate e Ihe Surean, SUch oy SLOrmwarer
retention ponds, monnged wetlands, liveswek exelusion, and moiniesuce of on
incset ciparion coricker, Evaduiitnms off BMP baoslits o stiemn comdiliom gome
mwmly reponl roprovementx ain phiysicsl sl chemienl vapiphles, ipcluding hihitat,
mulricnls, xedimenie, s lorbididy (€ 'wruse 2000, 1Y Arcy & Frosl 200, Lowrance
et ul, P97, Sirand & Meorritt 1999, Wisanr & Daeschia 1998). However, siudiey
that evuluate bological responses (o BMPS atihe scale of 1he Caehinent we enie,
(e sUch siily reporte:d linprovenients in sieeidt cheitiahy wml dsbemaled seldi-
ey oo respumang o bulfer pragtices, hol the respomae of hiolopieal mogieics woy
indistingl (Merbonue & Yondrwek 2 wee wlse Sovell ot ol 20000, Howover,
instullation of npurisn BME% resulted in iimprovements in habilot quulivy und fish
abundance in n Wisconsin stresn {Wang 21 af. 2002). More studies of this kind arg
Beeded wr detevinineg whegihar physical nbpnovenicald in Aircwo comdibion s alsae
cvidenl in he ot

The cesyrtom pactiops perfpnmed by sircam riparion zones vary with land-
form and location, axs does hwmon activity within the ripuriun, und %o a "one sie
fus nr approach w rparinn managemet s unlikely w be elleciive (Guion e al,
HYH, Srhayer ¢t al, AN3) lislew], kavwledye of geoturphic setting ara 1he key
i tisms o uxes ol the riparian hal are comxideres of groatoxt value should guide
ripurinn manngement decisions, Bor example. Lowrinee et ol (1997 esuimated
the winount of sediments, nitrogen, and phosphorus thin foreswed riparisn bafters
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witaled sstauin fian ol gnlgring the Chiospruke Bay fiae cochoof s nine phiys-
iographic provinces. They took inlo consideratun the dilferences owing (o soils,
Alopa, andd hydrodogls conngctvity dikd predicted diflecgat seoovil elficiencies o
differemt pollatanis, Viiniely, BMIs ure likely 1o be chiosen on the basie of their
demonstruted effecibveness in a particulur landform and human setiing and of how
mmach rewicty values the cxpecicd Benehin e e sbrennn cooysiom,

The domonsirated elfectivencss of land use dats in predicling muny compo
nenis of stream condithon polits 0 ah axpaiding fole for lindscipe anklyds i
colchinen managoment {Oergel of sl 2000). Al prosemt, muosd current studics cly
on static Geographic Informution Systems (GI5) maps that may represent land
cuwer somne yeurs disploced i lime D strenm conslitions meyuures. Hewever,
reniulely wsonked dula are likely 10 become miore widely used in the fulure, offer
ing greater opportunity o synchronize the dme frame of lund cover and swgam
ginnliti mensuegmenl amg! 1o evglop new Lwoilpcupe imbicadves, Ong pronmis-
ing demonstrution showed that stresm chemistry, habital. and stream fish indexes
sorons wuluple eceoneplons of Mehoski, Kansis, sl Missouri were correlingd w
vuricne “groennese” melrics an the hsic of the normalized difforence vogolntion
index, an indicator of vegetation condition and physiological activity obtained
Ciovint matellite of githorng senseds (Cirifftah et ol 2002), Alilowgh roongennt 1o
milignle lamd wsc iinpaects on strowme will reqquire site-bascd analysizs of inlcroct-
ing factors, detection of arens o risk and estimation of probable risk {netors nre
irpunland gl cornplemen ey qelivities e sije-lysgl sialios,

CONCILUSIONS

‘The rapidly expunding investgulion of surenms in the conlext of thedr corchneis
wiel butelsgnpren cleprly indigules hal glreso ceopyrlemp are wirongly affoeicd by
human actisony across spatinl seales. The impucts ure numerous. both direct und in
dlurect, and complex, owing b e viriows pathways by which land use intluences
srcarmic amd the internciion botween anthropogenic gradicnds wad the hicrirchi-
cally structured influence of landform on local stream conditions. Mot only does
ihe valley rule the sbreum, s Hynes {(1973) sooaptly ol o, Bl iocrepriogly, hua-
man activitios rule the vulley. The extent of change in river hewlih in response to
{uilure populitbon growth and developmein con be anticipited From Enowledge of
the relutionghips betwoen lud use and strcirn condition and plaagible alternadive
Futures {Baker ol ul. 200d).

O unlerstnmding of the patbienys m] mcchoaivens theouyl whach Bl oue in-
fluences sircwm conditions is informed by the comparative and empinical approuch
that Bk heen the toeus of s eview; Yol i als T sidd That s oiowledge
ol prescrd iy oxtreencly limitcd. purticularly for preseriptive management, Cur lim
fted understanding is due in par lo 1he multiple etfeos of i poetiouliv chunge in
Jod wac o a3 pad e dhe influcnee of Lol selting wikd underlving natural vari-
ation. Clearly, the influence of the surrounding lindscupe on n strenm §s monivest
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nerikd inulliple spatial senles sl is Tueber complicued by legacies Teom (wio
hurtaun wclivitics. Thus, landform spparently operates mainly ut the lurger scile of
citehanent shd reghon through i infuenoe over geology, climaie, vegetion, tid
fupugrigtiy. whercas the influcpee of lumd uee operatex acroxs ol seales. depending
on the response variahle of concem. Whether threshold responses nre widespred
ix ypeeriwin, vwiggpe partly 4o the seaier that is cornneen in cmpirical relationrhips
hetween land use und stream response. However, impacts of urban land use are
cheaely cxpericiied i conididerully Tiswer pedgeilnges ol splehrmenl arica oy s
truc for agriculiural Jund use, and most studies report o nonlinear response of
strenm condlton w incrensing urban2ntion,

Integridive moasurcs of stremn condition. including IBIx wul poreent similucity
mensures, are porticufarly useful for ussessing overall siream health becouse ihey
inlegrnle pralliple inflpeiees, However, spogicy oy, Tocding sl represluglive
puilds, fnxn of known tolerance to particular stressors, ond other less.aggregated
ingistites are LEely L prove nive uselul in eviliining prathwitys smd mechindsins
(PofT 1997, Urseglio-Tolwten ot al, 20000). 1 will be pariculurly usclful i exumine
ihe response of these mone sensitive NOCAons 0 varinus monagement prociices
inlgilel b e lag) the hanmbol nppcts of inlengave Tiged ases. Tedate. the magorily
of catchment scale studies has only indirectly indic ated trodeoits, o5 in the common
Hinelang thin biologicn] meirics nre negaitively tasocinted wirth agrcaltaeal Tnad in
the culchment but positively assoviated with forested lind in (he riparian (Steedman
T9RE, Witng et ul, 1997), IFutire siudies thin exumine the respise of inofe revenling
mguaures xughous el angd guld corpposition. within s two-dimcrsicnad madrias of
varying lund use and management practices, could bring new undersinding to ihe
inflnenee of Ll pae om sty comeiticn,
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FENS OF THE UNITED STATES: DISTRIBUTION, CHARACTERISTICS, AND
SCIENTIFIC CONNECTION VERSUS LEGAL ISOLATION

Barbara L. Bedford! and Kevin % Godwin?
' Department of Maiural Resources
Ferrnow Hall
Comeli University
fthaca, MWew York, /IS4 J48%3
E-mail: bibd@ cornell edu

*Depariment of Environmental and Eorest Biolagy
flick Hall
Coflege of Environmental Science and Forestry
SUNY-Syracure
Syracuse. New York U/SA 13210

Absrracy;  The term fen has been variously used by peatlang ecologiaty, ground-water hydrologise, and
vegelation scientists. The coffroon denominaior unong all typas of fen is recognidon of the impatance of
pround-water discharge. especi ally miveral-rich groand water, n determising fen bydndogy, chemistoy, wod
vegeiation, in coniTast 1o wellands whose characteristics are determined primearily by precipitation or surface-
water infruts, Thus. fens tend 10 oocwr wher climate and hydrogeclogic setting sustain Aows (o the plant-
rooting xone of mincral-rich ground water, Lo the 1lnited Staics, thege areas inclucte tha glaciated Midwest
and Northeast, as well as portions of the Appaachian Mounwins rnd mounisinous Wesr, Individually wmi
collectively, feny are among the most fodstically diverse of all wetland [Ypes, supporting & large numbey
of rare and uocommen bryophyies and vesxcouler plant specica, a5 well ax uncommon animals it luding
mammals. replilts, land snails, bulerflics, skippers, end dragonflics. Several specics Hared under the federal
Endanpered Species Act inhabit o e feos. Fens also help madrcain stream water quality through danitri-
fication eid phosphorus sorplion. Few eslimaies of loss and ClITent EXten! cxist, but whers catimdtes are
availahle, they indicate extensive toss, fragmentstion, and deprudetion, Cultural eulpophication theeatzns the
bivdogical and functonal inlegrity of remainiag fens because, along with miseral-rich watar, low availakiliny
of nitrogen and phosphorus controls maay of their distinctive characleristiog, Borause they notur whers
ground witer discharges Io the surface, fens wrc isolated from neither ground waltr nor surfaos waler.
However, the majority of feny develop in headwater areas and could be defined as "isaladed’ for junsdic-
tonal purposes because of their distance From navigable-in-fact waters. If so defined, the crivcal eoles Lthar
fens play in maintsining binlogicat diversity and stream watcr quality are al risk tegarding lederal junisdicion
over “isolated waters'” becaugs of the 2000 U5, Supreme Court ruling in the case of Sofid Warrs Agency
af Northem Cook County v. 115 Army Corpr af Engineers,

Key Words:  biodiversity, calcarcous fen, Clean Water Acl, ground water, marl fen. poor fea, ram and
erdangered species, rich fen. specics richness, SWANCE decision
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pus within the United Stales] {b} discuss their fubc-
tional role in ke landscape, especially m ferms of bi-
ological diversity und mainlenance of surface-wuter
& quality; {¢) describe the varions ways in which fens
P ar= poth isolated and connected 1o olher waters, and
b 10w their functional characieristics dapend on their de-
of Both isetation from and connechan 1o other
¥ waterz; {d) discuss the extent which fens arc integral
F 10 mecting the goals of the 1972 Clean Water Act, i.c.,
* maintsining the biological, physieal, and chemicol in-
regrity of waters of the U4, {interstatc waterd, navi-
guble witers and their nbutaries, and adjacent waler);
and (=) estimate the impact af the SWANCC decision
on fens,

METHODE

No comprehensive aflas of the fena of the United
States exists. Most information published in the peer
reviewed literuiure focuses on vas or w few [ens, we
relicd heavily on the few exceptions (Richerdaon amd
Gibbung 1993, Nekola 1994, soorhend and Ruossell
1968, Olivero 2001, Amon et wl. 02, Home Lypes
of information needed w address the question of the
cFect of the SWANCC decision on fens (e.., the pro-
portion adjacent Lo navigahie waters aml theu tribu-
taries) are seldom svailable. Therefore, we vred four
octhods 1o obtais dote and information relevant to the
e issues poscd in thisx paper, Flist, the ‘Wetlands Man-
. ugemont Netwark of The Mnture Conservansy (THNC)
send & reguest to all of their contacrs in PG srate and
regional offices and state nalural heritage programs for
informution on fen abundance, disvribulion, ocourmen-
cet of uncommon and rure BpECics, fen aren, and fen
locution relutive to other waters. We received respons-
e froq V2 of fhese offices: Alabama, Arisona, Colys
mdo, Michigan, Momana, New Hampahire, New Jer-
sey, New York, Morth Caroling, Oregon, Pennsylva-
mia. and Wisconsin. Second, we relied on the pub-
lished litersture to obtain addinenal data on fen
Jisribation, plant and animul species conposition, hy-
drology and water chemistey, fen arca, and the locution
of fens relative to vthey walers. Third, we contacied
other scientists whom we ¥new [ be knawledgeable
uooul fens in the United Stutes and asked for sicnilar
types of mnformatien. JelV Nekola, Curol Thompsog,
James Amon, Duvid Cooper, Jim Almeadinger, anhd
foha Sanderson provided us with unpublished daa. Fi-
nally, we used dats on Mew York fons that we and our
collesgues hava been collecting for the past twelve
yeara. These include colleagues at Comedl University
(F. Robert Wesley, Kuihy Bailey. Carmen Chapin), the
College of Environmental Science and Forestry of the
Siute University of MNew York, Syrucuse (Do Lo
pold). Russell Suge College (MNancy Slack), the Central

— J.T_'r-'-r_" = “-r-
and Western New York Chapler c?f The Nature Con-
servancy (Sandy Bonnanc), and the New Yok Sate
Marurd] Heritage Program (Carol Reschis, Adele Oliv-
cro), Specific sources are indicaied in relevant figures
amd tables,

In order to estimate the contributinn of fens o the
suppoit of plant biodiversity, we uscd both the pub-
tighad litersfure and contacts with st natural hetitage
progrems and the aciemists we knew o be working in
fens in various states, From these sources, we EEL-
sated the nurber of vascular and bryophyta specics
that occur in fens, the ol vascular and bryvphyte
Aara for the state, the number of uncommon and rare
plant species that occur in fens, the toral number of
uncommen and rare plant and animal speciet that oc-
cur in the state, akd the srea in fen, We defined un-
coumon and rare species broadly ag any species listed
as theeatened, sndanpersd, or & candidate for listing
ither gt the federnl or state level, 83 well a3 spedics
designated as ‘‘speciel concem’” by some states and
species considered wacommon Enough to be officially
tracked by natural hertage programs. This last cate-
gory typically imcluded specles with state heritege
ranks of 51 (5 or fewet occumences) and 33 (6-20
occrtences or factors demonstrably making the spe-
cies extremely vuloerabic), although some s1aleg alsa
include the 53 rank (21--100 oceurrences).

We uzed a geogtaphic information sysiet {G15) and
the location of New York feos 1o cstimate the propor-
tion of fens thar are adikcent 10 or noar Navigable wa-
ters under different jursdictional detimoens of the
termn udjocent.’’ Ceagraphic coordinates of 78 ox-
emplary fens were obtained from ihe Mew York Mat-
ural Hedtage Program und o Own data. W used
these coOTdinates to create & stagowide fen point cov-
croge geographically depicing the centroid of known
NY fens. A statewide hydrography layer wus created
using county hydrography, i, 1995 Topologically in-
regrated Cleographic Encoding and Referencing (Fi-
GER/Line) hydrography tiles detailing both perznnial
and intermitient weler features digitally obtaired from
the Comell Umversity Geospatinl Repository (CU-
GIR) (U5, Department of Commerce. Burcaw of the
Census 1995), These water features included rivers,
streams, and lakes mapped as within of adjacent w0
New Yurk Stote tiorders (2., Lake Ontario, Loke
Champlaing, These files were the highest available res-
olution, UTM Zone 18, with a positional ugcuracy of
16.48m. All duts concerning lineage, data quality, and
atrbure infortiation wre available at CUGIR, County
covernges were mosaicked using ESRI ARCVIEW
3.2, tesulting in 2 single starcwide hydrography cov-
erage. This hydrogeaphy covernge was then bulfered
At 100, 240, and SO0 meters (Figure 1), simlating
three adjscency seenarios, iolation status of exemypla-

s
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1001 buffer
240m hufter
S0Gm bufTer

Figure 1. The locauon of ten cxemplary fend of tw Fall
Creek watershed, Tempkine County, NY i relation to three
adjacency seenarion (ie. §00m, 2500, and 300m from wa-
lers Mapped As permanent af int=amifent an county-level
hydragraphy mapa) (see Methods),

Ty fens was cstablighed by performing an intersection
bretween hydragraphy buffers and fen POINL cOVErage,
remaving those fens that accurred within the buffer ax
being ““connegted’” o witers of the Urilted States
Thus, a fen cauld Lie partially within the buffer byt
would be ciassified as “'isolated™ jf Cooigid wag
outiide the buffer. We could not use g plygon cov-
eruge because more than a third of New York's fens
are su small that they are not mapped on either Na-
tional Wetlapd Inventory maps or New York's De.
partment of Environmental Conservation Jerisdicuanal
réps. Because of the small size of New York fens,
we think that the uae of centroids is reasohable,

We also used o GIS w0 determine the distribution of
fens in New York and Wiscomin in relationship o
carbonute 1erranes. Digital mapw at the scale of |.
230,000 of New York bedrock Eeology and suchicial
geology were acquired from CUGIR and ited 1o ereate
statewile coverages depicung fen reiationship 1o car-
bonate minerulogy, Bedrock pod surficial deposits
were feclassified as containing carbonates {=.g.. lime-
ctone, doloztone, calearmous kumes) or not. We ysed
the samie geographic coordinaes for fen location that
we used to determine fen relativnship vo navigable wa-

|

ters, Digital images of Wiscongin gealugy (Wisconsin
Geological and Matural History Survey 19813 and cal,
careous fen oocurrence (obtained from the Wisconkin
Department of Natural Resources and The Mature
Conservancy of Wikconsin} wore converied to TIFF
image Ales and Beospatiaily regisiered wsing IMAGE.
WARF (ESR1 2000) with an accepinble RMS sror of
(10025, Uning these registarsd images, we then created
in overlay depicting the approximate Jocation of Wiz-
congsin calcarcaus fens o redation to a geocrabized Wis-
consin gealogy, with the shaded areas of this map cor-
responding to bedrock types coolining caleiwm car-
bonates (c.z.. dolomite, himestone, sandsiene contain.
ing dolomiv and licnestona),

RESULTS
Defisitions of Fens

Like many terms describing wetlapds, the term fen
has been uged in virious ways by peatland ecojogists,
hydrologisis, botanders, and piant scclogisty (Table 1),
Specific uses include poor fen, rich fen, mar) fap, slop-
ing fen, calcereous fen, prairie fen, and extrerhe rich
fen. The word its«lf has retnyined unchanged from the
colloquisl Old English fen, but jta usage hasx svolved
and continzes to do 5o (Bridgham ct al. 1996, Wheeter
and Proctor 2000, Virt 2000, Amen et af, Z2002), Its
seientific Jineage can be traced back w the British veol-
ogier, Arhur Taunsicy, wha uged the term in his 1911}
and 1939 bioks on Rritish Yegetution w refer 1o &
vegewauon-5oil complex characterized by alkaline sopis
and plant commutiter (Whealer and Proctor 2000).
According to Stucksy wnd Denny (198}, it first usgge
1o describe alkaline wetlands in the United States wug
that of W.A, Anderson in a 1043 paper on un lowa
fen (Anderson 1943). Recent reviews of its usage and
historical development can be found for peatland acol-
0g¥ in Brdgham et al. (1996), for Eurvpean mires on
both peat and mineral oils in Wheeler and Proctor
(1000), and for midwestery U5, fens in Amon & al,
£2002).

The definitions in Table 1 cleariy ure not synony-
moys. Some emphusize water yource: wthers empha-
size water chemistry, vegetation, or type of substrats.
These differences reflect both the scientific taditions
and tegions of the world from which they derive;
bence. the definitions sometimes conflict If arigin of
the water is emphasized, as in the vider Epropean tra-
dition, then, depending on the minéralogy of the ima-
terial through which ground water moves before it en-
tery the fen, the chemistry of fens can be acid, circym.
acutral, or alkaline, with the vegetation reflecting these
differences (Pearson and Leoschke 15992}, The distin.
gutxhing Factor is that fens are ground-water fed, If fen
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': able 1. Defimtians sy cwrrent uic oE'gn: lerm feo (unqualifed) and sonw specific Lypes uf Ton.

L -

; | Fea (Midweslom U5 ona prasslivsd oo 2 wel and spriogy gite, with pn int=rnal flose of water

Cuctis 19%

rich In culcium ind magnesium hicarbonaes and sorpetimes gulcium end magnerivm sl

fares pu well

Fen (Southéasten U.S.)—a mincrotropiic { “groundwatze-fed™) wotlatd, deher in nulriente

Richardsan agd Gibbons 1043

and Tces acid (pH = 4.8) than & bog and utualiy having a very slow intzrmal driinags

through sexpage down low gradient slopsi

Fers {lawal—wetland areas with saturaied bul not inundated soils which are led by permanent

Mekoln 1954

groundwater seepage: sites which have sptuwrtend 8011, but Litde or reo peil wecumaiation,

are considered fena

Fen (Canada) —peadands et derive theic waner apd nulricat supplics from procipiaucn and

_ from wuler that has bron in contact with ypland soils

Fen (Migwestern US J—wetland communities {1 dependent om ground water, which moves

Zohal and Vil 1993

Amon of &l 20070

through and malnisins sazation of the root zone throughow moi of the year; (2) hat do
ol expericadt Jong term nwndation; (3) whet bave carbon-aecumulating subseeates, including
histosols maging fFom fibrists to saprists, histic depogits, umd carboneres such as marl and

rufa; (4) thet are domineted by non=smed gent graminvid vogetation
Fen (England)—base-rich wetfand with water pH valies grester than abesst 5.5 bt generaliy

Wheeler and Frocior 2000

g, with high calcivm and bicarbonatre, and vegetation rith: dlcotyiedonous heths and
frown meisey) 1 gantric term for both herboceous and wioded bue-rick mires

Fene—ixmewhat tosa-acidic {than bagl, mome alkaline peadlands doriniee] by graminoids,
brown rmscs, taller shevbs, snd coniferous sndfor deciducnug trees
Poor fen—an acidie, non-alkaling (pH 4.3-5.3) pestland dominated by Npfctphent mMosss; id-

Bridgharn o &b 1936

Zolwi and Vin 1993, Vil 2000

Muenced o 4hme degree by water moving from surmounding wplande as well ax previpita-
dom; taode similar 10 bogs Lhan 1o rich fens in twrms of vegetalion and chemisiry

Rich fen— fend having Bicacbonpts {thua they are mlkaliow) an thelr dominaznt anivn arkl ealgi-

Zolini and Wih 1994, Vi 2000

urn ax thole domineat cation; pH ™ about 6.0, charsceenzed by brown moists largely of the
famuly Amblysiegisceos, und sh shundance of sedges; ofted used synonymously with cal-

carequs fen

Calcgreous fer—a e ussd to refer io rich leng with high calénm carhonaie in walee und
snily, with peat oc surberal depusits of caloium casbenans {mixl} ned a divincive Oom of
rare caloiphilze speaies, with pH o the range of &.3-7.8; altéh wied synonymously with fich

fen

Marl fen-—ktromgly nunerotrophic wetlands in which the substraic is 3 tiafl bed derived cither

Eggers and Kol 1987, Komor (994,
Alpendinger and Latde 159080,
Bedlond ct al, 700

Clivero 2001

[rom lacustring marl dopodts a7 aclively socumulating marl that i3 exposed ol the greund
surface, with pH generally higher then 7.5, and vegewtion that is iten $parse and stunted,
Beckuse exlrome-rich fens witen sccurnalate mucl, the 1w (onbs We semelimes ustd (peer-

chongeabl ¥

water chomistry is cmphasized, as in the midwestemn
United Siates, then fens are distinguished from bogs
in being alkaline or culcareous wethands wilh pH
abpve about 6.0 and in supporting calvicolous plant
species. In this case, the source of the water alsa ix
wrotnd water, but 3 wetland fed by ground water eoy-
ing through sand or mutegals fich in ima suiphaote,
rothee than through calcarcous malenats, would not be
considereet  fen bevanse i would have 3 pH below
about 5.5 and suppoet vegetation Wwith species thal are
calcifugos rather than calcicoles. On the other hand,
the vegetation of these latier [ypes of wellands would
ot decessarily resembrle that of bogs fed primanly by
precipilation, nor that of poor fens associsted with
peatlands that receive some water from surrcunding
arens hot nonetheless fargely reflect the influence ul’
precipitition in the plant tooling zonc.

Fyr purposes nf this paper, we emphasize hydro-
geologicul sstung (HGS) (e, the physicsl seiting af
the weliand at ihe imerface between pround water and
surface water), We do 80 not because we disagree with
other definitions, but beciuse we find the ground wa-
ter-surface water interactions that cccur in those set-
Lings 1o be most relevant to the fupcliomng of fens in
the landscapr, and hence lo undersianding (he potential
¢ffects of the SWANUC decision on these wellande
and un meelting the goals of the Clean Warer Act
{1972). Thus. wher we use the ungualified term fen,
we mean wetlands that develop where a elatively con-
stant supply of ground waler to the planl roating zone
mainteins saturated conditions most of the time and
tho water chemustry ccfects the mmeralogy of the sur-
rounding and undeelving woils and geological maleri-

" als, These werands may be acidic to alkaline, have pH
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ranging from 3.5 to R4 (Tahle 23, and may suppott
calcicole of calcifuge plant species. They may occur
on slopes, in depressions, or on flats {ie., in 8 number
of different hydrogeomorphic (1HGM) classes) (Brin-
son i993). OF course, llke cnany factars suucluring
ccasystemy, the degres (o which ground water domi-
nutes fen water birdgets is 3 conBnuum. In all cases
uzed here, the influcees of ground water exceeds that
of precipitation and surfoce water, either in quantity ot
in terms of effcets on water chemistry in the plant
rooting wone.

Most basically, fens are ground-wat=r-driven sys.
tems. Their hydrology, water and foil chemistry, and
vegetatton, aé well us their function in the landscape,
pre dotermined in large part by the foct that they oceur
where ground water discharges o the plant rooting
zone, Unlike bogs, whose rooting rones ne dominated
by inpui of stmospheric water, and marshes and
Fwamps, which genemlly are swongly influcneed by
surface-watet' inputy, fen chamcterisibes am determingd
by ground watar. That iy, ground water ix o significant
input term in fen witer budgets, is tesponsible for
RAinlkiming aaturation a1 the soil surface, or strongly
influences water chemistry in the plant roting zone.
For example, Drexler o1 sl. {1999) estimuned that
ground water contnibuted 84—8K percent of the mmflaws
tc 4 smal fen in centrnl Mew York. Even the distine-
tione historically made among the differenr rypes of
fen by boreal peatlsnd evologizts (=g, poor fen and
rich fen) are & function of the extent tw which ground
water influences the plant rowting zone. Poor fens -
ther (a) have poorly min=rakized or poorty buffered
ground water 4 & goUrer, or (BT reesfve anly u smafl
propodion of their water from ground water and,
hence, resemble bogs more tian other fens §a termy of
vegomuon and witer chemistry (Garham et al. 1984,
Vitt 1994, 2000). Nonetheless, oz Siegel (1983)
showed, only a smoll amount of ground water input ip
o peatland can neutralize yeid, rise pM above 5.0, and
altar viepetation.

Recause of relatively constant ground-water lnputs,
rich fens wnd to have more stsble water levelz than
other wetlands, particularly in Lemperate regians
(Richardson and Gitbons 1993, Nekoln 1994, Amun
et al. 2002). Water is typically at the coil surface, with
fioili saturated byt seldom dooded ax (they might be in
4 narsh, or several decimeters below the 8oil sudface
a5 it can be during droughls in marshes, bogs, and
swamps, However, if tie fen is fed by local rather than
intermediate or regional ground-water Bow xystems,
then the waier tabie may drop during sxepded pertods
of drought, especially in arid or temi-arid regions.
Bated on studies in other systema and general hydm.-
geologicel principles, st iz reasonuble to assume thut
the larger and deejser the recharpe area feading the fon,

lhe imore stable the water wile (Rovlet 1990, Hill ang
Devita 1997), £

Other distinguishing characteristies of fens alsg |
arise beoause of e influence of ground water. The
mort often reported of these is the bake.rich nantre of
their water (Table 2) and soile (Slack et al, 1980, Vig
and Chee 1990, Anderson and Davis 1997, Amop
ul, 2002), which is ptribued to the movement of
ground water through of over base-rich bedrock, gha-
cial depoxits, or soil before it enters the fon (Komor
1994, Almendinger and Leate 19982). In most studiey
to date, these materials bave been calcivm and mag-
nesivm corbonates, such ax limestone and dolostone,
and ground water enteting the fen carres a caleium.
magnesivm-bicarbonate signature (Kumor [994),
However, rich fens afio arise where ground sarer
maoving through material rich in calciem and maghe-
wium sulfates (c.g., gypsum) dischargss 1o the plant
foning rone (Cwtis 1959, Almendinger and Lecte
19984, Godwin et al. 2002). Fens recsiving high flowa
of calviume-rich water are catled calcareous fens and
support a distingt flors of plant specics calledt calei-
coles becaure of their affmily For calcium-rich siteg
{Almendinger and Leete (908 and b, Lambeis et al,
1998, livero 2001).

Depending on the flow rufen and chemiary of
groundd water reaching the plint rooting zone, fens
may be slightly acidic {poor fens), ciccumazutral (rich
fens), or stongly alksline (extreme rich fens, marl
fens) (Tuble 2), Poor fons may arise sithér becpse
ground water acgeunts for voly a small fracdon of their
annual water buedget of because grovnd water inpus
move through matznals with low solubility (=g,
gneiss, graniie) or low buffering capocity (e.g., sund,
quartz), Some of the fens of e Colorado Rockies
(Cuoper 1996, Johnzon 1997) and the acid seeps or
pine savannahs of New Jerscy (New Jersey Natweal
Heritage Program, porsana) commiication) fall in this
latier category, a8 do the cossial pisin poor fens of
New York (Resheke 1990, Reschke et al. 1990), Al
the other end of the continuum, exireine rich fens and
mar] fens prise whete corbonates precipitte pt the fen
surface, An ground water rich in caleium bicarbonare
discharges to the swuce at high eates, decreases in the
pastial pressure of ©O, couse carbunates, sych s cal-
cits und calcium or magnesium carhonate (macl), to
form in the plant rooting zone (Royer and Wheeler
1989, Komor 1994, Putyma and Miller 2001). Rich
fens lie in the middle of this continuum, In antas where
ground witer is supersaiucatsd with respect to iron,
iron hydroxides or iron sulfides may piacipitate in the
plant raoting zone. However, unleas buffered by kt-
carbonate, these sysiems will have o low pH more typ.
lcal of poor fens.

The accumulation of peat has been considered » key
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] No data provided
-] Few of varlable size
[577] Many of ‘small size
R Many of vatable size

oy o AT T i T A T A T O

Figurz 2. Fen pooumTenoe in the cotominous U

ocolcprences Mot du Adeskia iz nol drawen oo scabe . Mo currsold

{en nuanber or size, For sounoes, sef Appendin A

ex al. 1996, Wheeler and Procior 2D00). The bog-pooe
fen-rich fen gradient, which comectly refers ko a gra-
dient in the number of indicaior spedies and comelates
with a gradien in base nchness, has besn confused
with 3 gradient inn the plant groveih-Timdfing PoTrienis.
M and P. Io facy, the Two gradients are mome caareclly
viewed as indepepdera and orthogeoal (v and Ches
1990, Wheeler ard Proctor 2000). Unless emriched in
N by atmosphedic deposition, draipage From Fertilized
agriculural Jands, OT scepage From segtic systems, fens
are inherenily low in available s, Phosphores avail-
zhility appears o be even lower, especially in rich
fans. Rich fens typically bave high ™:F ratios ire plant
Gssucs, indicadng P limitaion 1o fen vegetation [Bed-
ford et al. L1939}, unless they reoeave run-aff from wr-
han or agricubural areas, or become subiject 1o internal
entrophicasicn theaugh hydralagic alterarions of fen
water tables or warer supply. The consizot Lnput of
greund water fich in calcium bicarbonate, cakcium sul-
phate, o1 fron ensures hal mMOst F in fens 15 adsocbed
or precipitared snpo nelatively pnnvalabbe forms of ec-
cluded calciom and iron-phosphate PARErdas SSLEVED-

322 Few of small size
"] Reported, not currently avallable

mSmmMm-manmmﬁumﬂmm

y Avzilable™” means that we s unahbe {ooobbzin data o0

son 1986]. The low saiure, distincEve Hora, and high
plant species diversity of some rich Fen Sege1ation Mmay
e arributable o these low ootrient condiitons as
mchasmﬂmirhmridmmperu{ﬂnyu and
Wheeler 1959, Drexter apd Bedford 20023,

Geographic Dhstribution and Hydrogeakogic S2MDE

With the eaception of poor fens associaled with
iarge peatlapds, which occupy eERemsive areas of
norhern Minnesota, Wisconsin, Michigan, wlaine, and
Alaska, fens are a minor companent of the LS. Tapd-
seape. They oocar mast commenly in focmerly glaci-
ated regions but also can be found scach of the mas-
imumn exteat of glacizbion in Indiana and Pennsslvanis,
as well as in the mountaios of Arzena, Appalachia,
the Oarks, Cregon Cascades, and Rocky Moumains.
The cccurrence of fens has been docomemed in 3% aof
the 50 Linieed Siates (Fipure 2. Appendices A and B
I st srales. fens are few and small {a Few o several
hal.

As with vner weatands, the disuribution of fens, as
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well as the development of specifie typex of fens, iy«
function of climate and hydtngeologic setting (Winter
1992, Bedford 1945, Winter et al. (998, Bedfocd
1999). Fenz develop where ground-water discharge
produces nently comtinucusly swturated conditions at
the: a0il surfuce. This defining characreriatic of fons i
deterrnined by (a) the climate of the region, which con-
trole the bulance berween precipitation and svapotrans-
puration, and (b) soveral topographic and Ecologic feas
tures of the landscape that contral the movement and
chemistry of ground water: surface topography; slopc
of 1he land surface; strtigraphy and hydraylic prop-
ertics of soilz, surficial geologic deposits, and bedrock
within the watershed and underlying the fan: miper-
tlogy of the soils, surficial gealogic depocits, and bed-
rock within the warsrshed and underlying the fen: the
ares of the wetdand relative to the arep of the water-
shedd; and the flow-path length of ground water befome
it reaches the wetland (Winler 1988, 1992, Qodwin o
ol. 2002). Thompson <t ul. (1992), Komor {1994), Al-
mendinger and Leare (1995h3}, Amon er al. (2002), and
the chapters by Carter and those for the siates of Min-
oesowy gnd Ohlo in the U8, Geological Survey's Na.
tonal Warer Summary of Wetland Resources ¢ 19H5)
provide excellent illustrations of the major hydmgeo-
logic rettings in which fant occur.

These climatic and hydrogeelogic setings ippear to
be vather resiricted in the landscape. As Amon et al
(2002) point out, "'in ganersl, fens occur at strutigraph-
i¢ andfor topopraphic breaks that create hydrologic
gradienty causing ground waler 10 reaech the land tur-
face.”” In additum, climatic conditions must be such
that saturdlion of the pIsit todtng 2one (s maintained
nearly year-reund, This means that fens develop only
where recharge zones are sufficiently large and persis-
et or surficinl deposits have high recharge rates and
high transmissivitics: topography and subsurfoce 1i-
thology force ground water to the 2urface; nod clistare
and gealogy interact in such a way that cvapoirans-
PirRtion raled do not ceuse the plant rooting zone to
dry cut. Thus, in arid and sémi-arid regions, and ather
partz of the country where evapotranspirution rales are
high, fens forem only where growsd-water discharge is
streng cnough {o offset evapotranspimiion. Given such
TORg Tiex to the balance between ground-waler inpurs
add losses from cvapottanspiration, fens are likely 10
be suscoptible w global climale wurming aned changes
in ground-water fow due 1o imigation ar quarying
activitics (Thompron et ol 1992, Winter et al. 2001}

The strong influence of genlogy on Fen distribution
i& evidhent in the high tpatial correlstion between the
Iozaton of specific yypes of fen and the distribution of
partcular types of bedrock and surficial geotogic de-
posits. In New York, fch fens occur only where bed.
rock cansists of lmestone, dolustone, or tnarble, or

-

Figurc 3. Distribueion of 78 Mew Yaik modiom ia rich fegs
with respect o geological matethols. New York fens ccircles)
comparsd wr the disicbytion of! (ower. map) clviem-baan
ing bediok, including ilmrestone, dolowome. and marble
(shaded areas); and {upper map) culejum-bearng surdfteial
faierialy (shaded aus). See Methods for soorces,

where surficial depoxits of glacially-derved matede]s
are calcarcous (Figure 3). A similar correlation can be
seen for Wisconsin (Figure 4), whens calcareous fens
are cobfined o arcss where the badmwck consise of
liinestone, dolomdte, or sandstone containing dolomiis
and limesione. Poor fens (not mapped) are restricted
0 arcas where the bedrock i non-calcarenus (e.g.,
sandstaone, busalt, quarizite. granic).

W the states with document=d ocourrences of fens
(Appoadix A), most report them to be few and small
of many (greaer than |{K) occurrences) with fyost
small. For example, there are fewer than 100 mediom
to rich fens in New York. and most are less than 5 ha
(Figure SHOliveros 2001}, The total uren in fen for New
Jersey, both calcarcous fes and the nonscalcarecus,
seid-seep pine suvannuhs, is sbout 200 he (New Jersey
Matural Herituge Program, personsl communication).
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Figure 4, [ustripudon of 73 Wisconsin colcarcoya fend
{eircles) with respecl W0 bedrock geology, Shaded Rreas cor-
reapond Lo e diswitution af bedrock types conlaining cal-
cinmn carbonaes (2.g.. dolomite, limestone, sanditane con-
wining dalomite usd limestone). Fen locarons wore prvid-
&d by The Hature CoRservancy of Wuaconsin and the Wis-
comain Department of Natural Resourcey. The :nap of
bedrock geology is taken From the Widcongin Goological and
Munurnl Higwory Survey (19511, map also available online al:
hl:t_p:.I’.I’www.uweu.:du!wgnhﬂbdrhhm.

Modh Carolina bas a wital of 140 ha p varous [Ypes
of fens and seaps (Weakley and Shafals 1924, Morth
Carolina Notwral Henege Program, personal cogumo-
nication}. The 23 documented ¢alcaresus fens in Naw
Hampshire totsl only sbout 150 ha (Sperduto and Cil-
man 1995, New Hampshire Natural Heritage lrwvean-

» .,
. - - -
Lo
3
3w :
2o R
a5 .
E i e - - = [ .
z

' . - -3 -_-_ -

41 hs Fe 1, e WwHhe R e 1M
Area (hay

Figure 3 Asca distribution ulf New ¥ouk fens. Atew of fent

ahtzined from 1he Mew York Matural Heruage Program and
Lt oW dat,

tory, personal communieation): cala ¢1994) repbre
ed that fens now occupy only 01 of nonbesstery
["f_“r"ﬂj and C?Dp::r and Sandersca (peraomal comme
nication) estimate that fens occcupy 00B0.13% of
Coloradc. Wisconsin has 161 documented oocurmences
of Fens, mosfof which are small (The Natume Conser-
vancy of Wisconsin and Wisconsin Depariment of
Mamral Besources, pervnal communication). Only
Michigan, Minnesora, Wisconsin, Maine, Alasks, ang
Colorado contain some large fens, primanly poor fens,
ghthough Celoredo has vne ouvtstanding examnplie of a
large exweme-rich fen (Michael Kost, Michigan MNal-
ursl Features Inventory, personal communication;
James Almendinger. personal commupicatdon; The
Narure Consetvancy of Wisconsin and the Wisconsin
Departienl of Mewiral Resources, personal comum-
pication: Anderzon and Davis 1997). Montuna has onc
large fen. the Pine Butte Fen, which i¢ about 450 ha
(Lesica 1986), but the other 6} documentsd ooour-
zences are mostly less than 3 ha (Marc Jones, Montana
Natural Heritage Program, perecpal COMmuUIicalion;
Chadde et al. 1998).

The curremt status of fens relative 1o their slatus at
the time of European sciilement is not well knowh.
Feas were not distingwished from other wetlands in
carly accounts, and the current Mationa] Wetlands In-
ventory classification (sensu Cowardin =t al. 1979
does not differentiste fens from other gramunaid or
shrub dominated wetiands. An imfication of the sub-
staniual loss of fena that Hkely has sccurred smee Bu-
ropean sculement ¢ab be gained from a report for
[owa, According to a tharough inventory baged on
svils maps, opagraphy, and sie visits (Nekoa 1994),
nonheastem [owa had 2333 feos as recemily as 30
years ago, but only )60 remain extant, Pearson and
Leoschie (1992) reporied that nearly 40% of fen sies
known to exist in lowa in recem decades had been
destzoyed, that only about 12% had imAct vogelalion.
ared that most were very small, dizturbed fmgments.
Many more fens, in lowa and slsewhere, hkely had
becn destroyed earlier in tis ceatury, Weakley and
Shafate (1994} reporied 3 six-fold toss of nun-aliuvial
wetlands of North Carolina, all of which they describe
as fed by ground-water seepage and. thercfore, are
fens. OF 52 fen siles known from Ohic in the |awey
half of this centsry. only 40 remained in 1981 (Swck-
sy and Denny 1961}, Our observanons in New York
indicate that many remaining fens arc degraded, cither
by heaver activity. by nitratg moying in ground water
{Drexler and Bedford 2002). by phosphate adsorhed wo
wediment in run-oft, or by altered hydrology and water
chemistry ¢ansed by gravel mning and residentiol de-
velopment within fen watersheds.
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Figure & Plant apecies denslty in cight New York fep
The number of spacies pet suare moler {dark bary) i3 the
mean of five plods with the standard deviation indicated by
veivical linos, The number of gpecien per five Sunme My
it the tois] pumber of apecion in plf fAve Plots. The codes on
the x-axit indicale ndividup) sitce with BSF, FF, IF, apd
MBE being rich fora, INCM-MF and DOM-PHR medium
fenn, RSF & poor fen, and BPF & oscdiom fon.

Funclions in the Landscape

Biodiversity, Wetlands tha we now call Temys, cape-
ctally rich fets, have drawn the anention of botamicty
in the Unittd Sintes since the 18308 because of their
diversa and unique flurm (Smckey and Denny 1985).
In terms2 of within-plol spectes density, site-level spe-
cies richness, regional divemity, and suppor of rane
and endangefed bryophytes pnd vatcular plunt spocies,
a5 well a8 Aoristic oddities, fans are among the most
diversy of all wedand types in the Unined Suates. Me.
dium and poor fens in New York tend o have specics
densities in the range of 162 dpcuies per m?, but the
within-plot species density in rich fens can he ag high
as 3 species of vascular planty and bryophyies per
m, with densities of 20-25 species being commion
(Figute 6). Pew types of habitars world-wide suppart
species densities thiz high, At the scale of 5 i, the
specics density of rich fens increases ig between 33
end 63 specics of vascular plonts and bryophytes (Fig-
ure £} Plow of 100 m* have densities of 20-80 Lpecies
of bryophytes and vasoular specict (Reschke et al.
1950},

Because of small-zcafe environmental heierogeneiry
within sites, ax well as biogeographical eftects, fens
ternd o have high totul species richness within sites
(Stuckey aod Denry 1991, Viit et al, 194953, One of
the mast biologically (iverse fens, Cedar Bog it Ohio,
supparts approximstely 154 species of vascular planis

in what Frederick (1974) described as the bog meadow
{rich fen) and marl meadow, which occupy anly about
8 hectares of the area she studied (extracisd from Fred-
erick 1974). In addition, 21 least 25 of the 97 Epeuiey

of mosses jn Cedar Bog (Snider und Cusick 1989) ap-
peat te be rich fen species, Acconding to Amon et al,
(2002). the entire Cedar Bog preserve, which also in-
chudes swamp Forest and arbor vilag SWaMp, COntains
36 species in approximately 81 hectares, Whila Cedur
Bog is undoubtedly an exceptional example becapge
of ity locacon at the interface of several bicgeogruph.
ical reglons (Stackey snd Denny 1991}, other fens atso
contain high tite-leval diversiry, Lesica (1988) report.
ed 93 vascular plant species and nine species of moxs-
ef for the 450 ha Pinc Butte Fen jn Western Moatuna,
MNekola and Lammers {1939) recorded [00 species of
vascular plants in & 10-ha Jowa spring fen. Drexter and
Bedfuord (2002) list 26 bryophyies and 97 vagcular spe-
tics for a single 1.5 ha rich fen in congal New York,

A larger spatial acales, those of landscapes and re-
gions, fen plant diversity alta is high, in parr sc &
function of the different hydrogeologic settings within
which fens aceur ip the landscape (Bedford 1999, Bad.
ford et al. 2001, Godwin ct al. 2002) and, hence, in
cavironmetital vardability among sites. However, big-
geography aleo plays a role At the regiooal scabe
(Stuckey and Denny 1991, Nokola 1999}, Omly 21
small {generally < 3 ha) fens in Pennaylvania contain
347 vascular plant spacies in |80 different genarn and
70 families and 63 specios of bryophytes in 37 genera
snd 23 fomilics (Westarn Fennsylvania Conservaney
1995). Mekols (1994) reported a total of 320 vascviar
plam taxa in |80 xmall fens of nomheasiem lown.
Chadde and Shelly {1995) reported 197 vageutar planr
species and 49 ipecies uf bryophiyies in 1% wesremn
Monluns poot and rich fens (sce Chadie ey g, 1998
for description of Mongna peatiunds). livero (204}
found 369 vascular specicz und 76 species of bryo-
Phytes o just 55 plots (100 m?) in 5 New York cal-
Farecus fens, undoubicdly less than the ton] New
Yotk fen fore. At & lurger goographic scale, Amon et
al. (2002) reponted o todal of 1126 vascular IPRCEES i
fens of eight midwestern U5, stausy.

While the high plant diversity of U.S. feng ig nife-
warthy, the numbers of uncommon, e, threstened,
and erdangered plant specics in these fens iz aven
mote sa (Table 3). The characteristic thm Mekoln
(1994) observed for lowa fens, that they support u diz-
propontionitely high percentage of the state's rare fom
relutive to their ares, seeme to be true for several
*tates. Fens, which oecupy only (L.01% of the north.
cuntern Jowa land arca, harbor 12% of the state's total
rire x4 srnd 7% of all lows “‘endongered,”” *“threat.
eocd,” and **tpecial concern” species (Nekola (904,
Furthermore, Nekola ¢1994) found that lowa fens sup-
port 18% of the toul state Avra, New York fens oo-
cupy about 0.07% of the state bt support about 7%
of itk rare flors, New Jersey's calcareous fens and acid-
ic secpe harbor 13,79 of the state's rase flurg on less
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Table 3. Contribuion of fong o supporf of plant apecits djversicy in aclested sates.

Mumber of Peroent
Number of vagular  Porcent of oote fon-vascular Number of of atale
ppeciss found vascular fiom gpesws  umcomunon & uncammon & Prreeat of
i fznx found in fcns foatnl rare $pECieR  FEPE Specios HEsbr aree
(# naljve) (% native) in Toni found in fong  found in fens in fera
Cotorado’ — 500 14 20 1.3 0.08-0.15
Idaho 127 0 s 12.0
lowa? k.1 18 I3 [0 {101
(3n (12
Miniana’ 174 &0 40 0.1 %
New Hampshire* 340 172 H b ¥) 137 0.078
Caloureous féng 0.005Y
Open fenn 0026
New Jersey % 13.5 0.00733
Caloareous feng a5 B0 00073
Agidic seepe 169 i3 6 £.00003
Now York il 118 7T 55 T4 n.o7
(397} (9.0
Norh Caniine 17 [} 4] 0023

' Fae Coloruoa, umber of vasduld tpocicy fy an suimace providod by Iravid Crooper asd John S ensarenn who bave cwurr;ﬂ coumbined yean of warking
@ Colorads fene, The number of uneommon pod raie mpaCies in faken from the Colorado Nararal Herliage Progam dusbase by John Saadesson.

| Por Towa, e figare efer only o partesuers Tows (19 counues), bolwees
1 o Momlans, we axlimetad ihe o in fen by sdding the known amos of Pih
un Montans migus the Pk Buue Peo) and 2 ba & copevirive estimaie by

17 and 14 of thed £ midre qinie,

£ Buie Feo (450 ka) 1 1ha product of §1 (e number of dmomentad FERs
ctaff of the Momana Mabural Herge Propasm

of te ama o The &1 fepd

The numbser af t yophyice mpafed ¥l pbtminad by pubiractisg e Speagnam apcich 10 specfizally mendonsed oy Chadde et al {198} 3k ooqwoing
in Monmea [ene from the tots! number of bryophyies hisoed by Chddle &1 al, {199) m ccewming in Myestana and [daho. Bocpoc ey describo {duho as
och i Spageum aod Montans a rich 0 Brown ibicer, wa (hink ok SUmeW (5 rascaible,

* For Ncw Hampshire, we repors both ove parcant of Lhe sime 10 ODSE) (uid 11 cRlcarmoup Toi (el DA he and ehe percem (08726) that o o0ea fon bor
the alalc {aboul 1745 hu), which intludes poor kvl ferdbog. paar inlcrtedisce devel fon, moause levelssloping fot, wtreamah fen, pond Border fon,
acidic puticried fen. one cuturERmirel-ChICRIEDY puaiterreed fen (abowt 6.5 had, and shout 79 hi of calcarecin fop, The caimace for the exluaroous fens
is considered & complair invensory bl the catimaw For the othes wype of fon it probabdy sn pndereaddse (S perduia and Nichols JXN Now Hampshire.
Matwral Hentige Progmm, prekasl cnmmunidsilon). Howevez, the Inrter pumbey & bebeved by thr Now Hunpature Maneal Hirfloge Frogram L I Tude
all of tne Punmiouhg high-yualiny feng un the plawe. Hace that mn addtrional 16 pate rare species omorn Caps wiuch woutd Be considered loo By Lhe
(efition g uge i thik paper, bul for which we Lould olsin pi Silimats of moe.

sunireen; Colordo—D.T. Cooper, . Sanderion, perivie COmmunEatin,

Idaho—C hadde & &1, 1998; Jqwie—Nekoln 1944 hnplane--Motina Hetural

Heritage Program, pemnal commarsiation, Chades <t al., New {igmpakine— New Hampuhise Matural lHertags Tnvoiney 2007 Maw Tovaey . New trerecy
Namare) Heritage progmes, peronl comumunicaion, Brodes et &l Z601; How York-—Mik hell 2l Tutker 19%F, Dlivera 2001, Mew York Hamesl Herlago
Progam s F Roben Welcy, permansl emBmunication. Murth Curolina—Murdook 1340, Maorhowl snd Rossell 1994, Hoeh Carolina Matuiid Harilage

Frogrim, porsiibl Communicat.

thap 0.01% of the state. New Hampshire, Morth Cuee
cling, and Montans show similar pakteros.

Feny within the United Srates plso have been noted
for their suppont of fledstc cddities kaown as dis-
juncis (ie., species far from Lheir primary area of geo-
graphic disribution), Far example, Colorado fons har-
bor several species whese main disgribution is the arc-
Go and Boresl regions of Caoada and the Grean Lakes
(David Cooper. personu) communization, Hulten 1968
for distribution maps), Thexe include Saiix myrriltifotia
Anderss., Kobrexia sonpliciuscala (Wahlenb.) Mnack.,
Suvirpus {Trichophorus) pumilim {Vahl) Schinz and
Thellung. Carex livida {Wablenb.) Willd., €. en{fio-
ra Wahlenb., €. puuciffora Light. C diandra
Schrank,, . seirpotidea Michx., Eripphorum gracile
Kok, Porentifla pafustris (L.} Scop., and the mosses
Paludelia squarrosg {Hedw.) Bod., Sphagnum buli-
cum Russ., 5 plotyphylhim (Lindb) Braithw., and 5.

girgensohnic Rusg. Nekola (1994, 1933) found over i0
apecies in lowa fens {0 be digjungt trom thuir distri-
bution in boseal pentlands and those of norheastemn
Morth America. Cyris {1939), Fredarick (1874},
Styckey and [denpy (1981), Mekola and Lammers
{1989}, and Vitt and Horton (1990) all report the og-
gurmence of disjuncts in the fen fAora.

While the Aoristic uniqueness of fens hak reccived
the most afcniion, fens also dupport o lurge number
of uncommuon, rare, threatened, and cndungesed ani-
mals, including several federully hated species (Table
4. While the large mommuly are wide-Tangiog and uie
fens only part of the time, several other speciss appoar
10 use fens with a higher frequency han other habitars.
These inctude the Bog witle (Clemenys mahlenhergii
Schoapff} (Hermen 1994 as cited in Moorhead and
Rossell [908) and sostorn Massasauga (YLEIHANE oo
ats Ral). In addition o the federaily lisied specics,
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Table 4. Fauna repewtad to vse oF jnhwbit U.S. fann rbat are listed Ios protection undey the frdernl Eadungercd Specicn Ak §ow
codpingirtd; T = threswyod: © = camdntife fr lating. (Comagiled foom L5, Fish and Wildfifc Scrvice, Eoviranrsel Corrervarign

Online Service [EBCOX], a1 updated March 2007,

-~

Pederal
Species Siatus Stare(1)
Tneocie
feariep lcanodey fendery Boisduval (Fenders hlue} E OR
Neorympha mitchethil French (Mitchell's saiyr) F ML, OH, IN
Neanympha wifichailii franscisee Freoch (Saint Pran. E NEC
uiz' antyr)
Soraiochiora hincana Willinmeon (Hine's emeenld E M7, IL. OH, W1, M5
dragonity}
Fepilen
Clermemys muhlendsrgii Schoepff (Beg il T MY, OH, CT, MI2, MA, N, PA, V), NC_OA TN, VA, 5C
Narectis srythrogaster daglrcta Conant (Copparbel- T OH, M, [N
lied wacsr tnikg)
Fistrris catenseny Rufloosque (Castern augsauga) C MT. MY, OH
Mammals
Canly fupuey L, (Orey wolf) E MI, Wi, 0y, MT, 5D, WY, AZ, [D, WA, ND, MN
Cormnir ryfus Auduben sid Bachman (el wolf) E NC, TN
Felis concoler cougar L. (Pume) E NY. I IN. 1A, M8, OH, CT, ME, MD, MA, NH, NI,
PA, ¥T, Y1, WV, MC, 3C, TN, VA, MI, MO, KY
Lyir canadeasis Kerr (Lyns) E Mi, NY. MN, WI, ME, NH. VT, CO, WY, 1D, OR,
WA, MT
Myrtix sodaits Miller wid Allop (Indiama pa) E MY, TL, IM, A, M5, OH, MD, N1, FA, VT, VI Wy
K& AR, NC.GA, VA, MO, KY, TH
Urrewr arcios harsibliy Bravnbiiren {Grizyly bear) T 0, MT, ID, WA, WY
Zopur hudsonins preblei Zinerman (Preble's jupgs- T CO, ' wy

iNg mouse)

many state uncommom and rare specic: we found o
teiw. The state of Miahigor lias: 41 least ope nitphib.
iun, four ropliles, and ten State rare insegs as OCCUTTing
ih fens, in pddition W the fedarally listed Mitchell's
sutyr {Nevnympha micheilli French), Hine's cmernld
dragonfly (Sematochlora Aineana Willinmaon), and
Eustern massasaugs (Sistiruy catenatuy Raf.) (The Na-
ture Conservancy of Michigan, personal communica-
tton}. Mekola (1994) reported 1hat lown feng harbor 19
state: rare butterflies and skippers, Murdock (1594) rc-
purted six species of rare, threatensd, or thdingered
wnimaly in the small mountain fens of North Curolina.
These include the southetn boy lemming (Synaptomys
cooperi Baird), male selamander (Ambyrioma tulpo-
idenm Holbrook), prd Tour-oed salimander {Hemi-
dueiylivin scutatum Temminek and Schlepel),
Among the moul interssting and lcast abrerved of
animals unique to fens arc the tiny lund snails asso-
ctated with calcareous fens, According to Jeff Mekola
{(personal communication), who has been studying
snails in fena for the past decade, one of the mares
xpecies in cattern North Amenca, Vertigo morser Stres
ki, it cxsentially Himitcd to feny and has been recorded
from only shout two dozen sites, The species is much

better Knowo as o Pleistocene fossil, Other snotla re-
stricted nlmnost ontirely 1o fens include Sirvbilops afs
Aniy Filsbry, which i lmiled to s nartow band rnging
from lown w New Jemey. and two potentlally new
specits, vne a Punciam and one g HMelicodiscuy {Nek-
wla, perronal commupication). luwn fans harbor seven
specits of rare phals (Frewi 1990 az cited in Nekols
1993}, To date, Nekola (personnl communication) has
Wentified abour 42 different species of land siaila in
the fens of fown, Wisconsin, Minnesots, and New
York.

Surfuce-Warer and Ground-Wager Interactions, The
hydrogeologic settings in which fens ocour, always
whore ground water diseharges to the surface, guar-
Antee their spong intluence on the physical and chemr
ical properties of suriace water. However, with the ex-
ception of Richardson and Marshall's (1986) study of
the effecty of fons on phosphorus reteption, fow studies
from the Linised Siew have reporicd the effects of fens
on downsiream waters. The small 3i2¢ and striking bi-
ological diversity of many feng likcly have tumed at-
tention sway from effects on wier chemixtry. None-
theless, wo can draw several conclusions from cument
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understunding of nlrogen tamsformation ond phos-
horug retentdon in wetlands and studies that hnve re-
poried fen soll and waler chemistry.

Fundamental principles indiceto that wetlsnds with
high smounts of caleium, iron, or aluminu in theis
waters and soils have & high poential o tetain phos-
phorus, with aluminum and iren being more important
at low pH ond calcivm being mare imporiant at high
pH (Richardson 1985, Richardson and Marshall 1986,
Sevenion 1986, Walbridge and Struthers 1553} Ad-
sorption and precipltation of phosphorud with ions of
these clements cffectively move phesphors fram
available 1o unavailable poals (Boyer and Wheeler
19803, aithough pherphorus serbed to iran (s subject
1o redox chinges sssoclated with water-level changes
(Darke and Walbridge 2000). Colcium concetirations
in fan waters can be quite high. notably in rch fens,
calcareous fena, and marl fena (Tabla 2), sl of which
have the high pH conditions under which phoaphornas
is removed from aveilsble pools. Seme fens, however.
alye can have high concentrotions of iron that bimd
phesphonas. New Jeosey's aoidic gseps (pind SAVAN-
pahs) have o much iron in discharging ground water
thit “*bog iron* (i.e. gocthite, ah iron oxyhydroxide)
was once harvested froan them {Joan Ebrenfeld, per-
wonal communication). Pens in Mew York have imn
concentrations in thallow ground water ranging from
bolow detection (0.05 mg/lL) wm Ba6 gl New
Vork's rich feng have soils in which iren-bound P re-
counts for aboutl 11% of the toral soil phesphorus poul
(mean = 11,1%, s.d.= 1.6, n--35) (Chapin and Bed-
ford, unpublished dara),

Fundurnentad principles ulwo indicube that wetlands
have n high potential for domtrfication (Groffrnon
1954). While rates of denitification have been fourd
i be low in baoth bogs and fens in Euwrope (Wanghtnan
1980, Koerselman ot al, 1982, Verhoeven & al, 17496},
these low rates are a function of the lack of A Ditrulo
supply in uadigrurbed peatlands. However, it there it
a supply of nitrpte, a8 from surounding agricultwral
lands, prazing animasls, or armoapheric depasiton, then
lhe anoxic tonditions and high carbon content of fen
soils can be expectedt lo promote high reles of denl-
irificution, thus emaving pitrate from surfzoe watel
hefare it reaches downstrmam rivers and takes. Grofi-
man el al. { 1996) reported variable sail denimrification
enzyroe sctivity in New York fens. with soils from a
gingle fen showing higher activity than sails from three
other types of wetlands. Van Hocwyk ef 4l {20000
later reported that denitrification endyme activily, 4N a
pir gram basis, was gremter i fens on organic soils
than those on mineral soils. Furthermare, et Ritrogen
mincralizadion in fens can be acgative (ic., the fer
removet mare mteogen froen the available poal thun it
releases, leaving nune to be ansported to downsireum

AR L e et
waters) {Groffman et ). 1996, Vi Hotwyk: vb sk
2000). Drexier et al. ugggim‘iﬁu grovad m"
entering & Mew York fen st & spring below s corn fold
kad niwrate concenieations of 18 (* 2.9} mg per Uites
while sowam ootflows had concentmilions of 1 .6 (gu_g;
mg per litar,

With ground-water discharge 18 & defining charac-
wristic, fens modulate the emperature of wakers fAlow-
ing from them bacause grousd water tends to maiolain
a rather constant wemperature reflecting the mean an-
aual air t2mperature of a regian. In general. fon waters
and soils are cooler in summer wnd WarmRer in winler
than mir tcraperatures and other suwface waters in the
region (Aman et al, 2002), Frederick (1574) took de-
tatled records of soil in Ohic's Cedat Bog (rich fren)
and compured them to a nearby ogricultural experi-
meat station. She found thax scil emperatures in the
bug mesdow {rich fen) never went below freezing and
that the average maximum temperniure for the six
wanmnest months was 3,8° C cooler in the bog meadow
{rich fen) than in upland solls at the SRpaFmEnt 1n-
ton. She algo found that Cedar Run, the siisam ema-
aating from the fen, never froze and observed that in
winter ''Cedar Run appeared to “‘steam’” becanse of
the grest diffecences in aif and waler lemparatures’’
tp. 71). The Mad River, w which the Ccdar Bog and
Cedar Run feed, has long betn recognized for its suy-
iained high flow of clenr, cold water (Frederick 1974).
Almendinger and Leete (§998a) repurted that sunples
drewn from water-table wells ip three sasiem Minne.
sotr calcareoua fens had & e sumoe? GMperatars
of 11.1° ©. which varied only 3.3° C, while mean
monthly iz temperatures for June, July, and August
ure 20.1° O, 23.0° {7, and 21.4" C, respectively (Stte
Climatology OFffice, Minnesots Depanment of Matural
Resources, htgpi//climate umn.edu). Stewart et al.
{1993) repotted 3 mean surface water EEMpETATIre for
nine Indisns fens of 14.3° C (sd. = 3.8, n = IT)

Relauoaship ta Other Waters: Connection and
Isnlation

in a landsezpe context, the functional churatlenstics
and significance of fens depend oddly on barh their
isolation from andt connaction to other waters. While
their biclogical diversity is controlled in lrge pun by
their comnection to gound-wasr Hows and w the
chemistry of ground water (Almendinger and Lecte
1008b, Drexler ct ab. 1999b), it also dependy in pant
on a kind of isglatlon from other surface waters {i.c.,
on an enviconment that i3 ususlly sawtared by ground
waler hut seldom Sooded by nearby surfoce woters)
(Srewart ef 2l 1993, Aman et al, 2002). Were fepx
regularly flonded, several physical and chemical prop-
erties 1hat govern their vegetation would change. Nu-
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et and sedinieat Jusds would e gicater, thus pro-
moting-production of greater biomass and probab)y re-
ducigg specics diversity {Grace 1999), Reguiar fingd-
ing alao would eliminate many plant spacies intolerant
of such coeditions, thus further reducing species di-
versity, Many of the species that occur in fans simply
do not occur in werlands with etanding water. Some
OF the rare and cndangerad animal species also would
not occur with regolar Aooding nnd higher $ediment
aned nutriend loads, Bog turthes, the mussasauga, and
the land snails appear ta prefer wetlands, such as fens,
with little siunding watar (Peter Rosenbaum, personal
communication, Jeff Nekola, perional compupica-
tiop}, In this resmicted sense, feng, while intimately
“conneced'” to groond-waler flow, are *jgolated"
from other surface waters. While they may feed other
surface waters, the flow i3 almoat always unidirection.
sl

O the other hand, the biodiversity of feng oy be
threatened by Wbeir increasing isolation in the land-
brape (Mokola 1999), Except for large expansas of
poor fexn in peattands of Maine, Minnesata, Michigan,
#nd Wisconsin, fens likely have alwnys been isoluted
patches within a larger matrix of other rypes of eco-
systerns becauge of the particular combination of hy-
drologic, geologic, akd siratigrophie faciors required
fur their development, Howaver, us human actjvitjes
have destroyed fens, the distances between fens have
wcreased. For example, Nekala (1999) mapped ihe
diztributions of preserdernent and cxtant fens in norh-
eastern lowa. Alung with the expected increase in goo-
graphic ixation of the fens from each other, he found
thet isolatien wax n significant predictor of plang spe-
ciea richness, explaining botween 46% and B4 % of
the variance in $pecies richneay nccounted for by fen
area. He attribuied this o lowered SpeCies-IMmImigration
rites between sifes retative 10 presetilemant levels and
the dowered probubilitics of species Being able to re-
establish themaetves following locel extinetion events.
Thus, sssuming sirilar size, fens more geographicully
isolated from each ather are likely w have lower Spes
eies richness thap those close wogether. Furthermore,
with time, the sffect ax likely 10 iherense, furher lows
ering species richness.

From the standpoint of maintaining water Quality
and Alows to streams and lakes, the intimate congaction
of feps 10 surface waters is fundament]. Their position
at the interface betweer ground water and surface wa-
ter means thut they are a primary buffer between
downstream waters and nuirientt und other polboiants
maving from ugland arces. Obviously, the coul sum-
ner \ernperatures and the ionic sipnatipe of surround-
ing glacial deposite of sueams Aowing from fens iz a
function of their connecton w these ground-water dis-
charge sitax,

Kelahonshp to the Goals of the Clean Water Act

Ar ceological sysizme that oceur where geound wa-
ter becomes surface waier, fens play g critical mfe in
maintalming the physical, chemicat, and biological in-
legrity of L5, waters, the primary goal of the 1972
federal Clean Water Act. They ame particutarly note.
warthy for their () sxceptional suppon of plant spnd
unimal biodiversity; (b) their position 4t the headwa.
ters of atmearms and lakes, and hence as major influ.
ences on sircam and lnke chemittry; and {c) their bufi-
ering of surface-watey temperaturas by supplying wa-
ter thal 18 cooler in summer and warmer in winoter than
otier surface walers,

Poteptial Impacts of the SWANCC Decision on U5,
Fens

The potential impacts of the SWANCC dercision on
fens of the United States are diffieult © estimate for
reasons pertaibing both to cur knowledge of the dis-
tribivion of fens in the landscape and o ambiguity ih
how the Supreme Court's decition is to be interpreted
(Downing et al. 2003), As o recent summary by the
National Wildlife Pederation {Goldman-Cartey 2002)
of post-SWANCC court decicions mnkes clear, the
federal and district courts are pat interpreting the de-
cizion, ror the teyms asyocialed with it, ymiformly. The
differences largely reflect narmow versug expantive in-
terpretations of the SWANCC decizion and how Lhe
lerms “'navigable,” ‘mbuoay,’ ond “adjacent’’ are
defined, Under a2 mamow mading, the Svprenw . Court
climinated unly the use by migratory birds Lo establish
8 conneciion [o navigable walets and left open the
uestion of whether or not tmeans other thap migratory
birds couwld be invoked to establith n connection 1o
navigable waters, In this case, if 8 surface.wpler con-
hection could be taced from a fen through a tributary
and then vo a navigable warer, the fen might fall within
federnl jurisdiction, Examples include casas i which
the courts held intermittent tributaries w navigable wa.
ters to be junsdictional, declared a creek Igcated 378
km from (he nearest navigable-in-fuct water @ be ju-
nisdictivnal, and upheld federal jusisdiction for a wer-
land connected to navigable waters by an intermittent
sirface conmection (ColdmanCurter 2002), Tn con-
trast, if an expantive fnlerpretotion of the SWANCC
decisian is applied, then ooly thosa fens actually ad-
jacent o navigable-in-fact waters would be cavered by
Clean Water Act protection. Examples inchude 8 case
in which a continuous surface connection 1 a navi-
gable wuter of 32 linewr km was hald to be too far m
excrt junsdiction, and a case in which only bodies of
water thal are actually ravigable or adjacent 1o navi-
gable waters were held subject 1o Clean Waeter Act
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dictiornal wellands i, subjeci tr Mew Yiwk Starn woelind regyistions ).

jurindiction (Goldman-Larter 2002). Thus, only fens
ihat are themuclves navigable, which ig never the cisd,
or are directly mdjncent to maditionally navigable wi-
ters, 0r lic on the boundary of two stales {l.e.. am in-
t=rstate fenp), would receive protection.

Our kinowledge of the spatial distribution of fena
does not allow ug to estimate directly what proportion
of U5 fens are directly ndjacent @ navigable walers,
which have a conlinuouk surfaceswaier connesiion
with navigable waters but are in Fact distant from
them, or which have no surfoce-walsr connestion 0
navigable-in-fact waters. The MNatonal Wetlands In-
ventory does not differcntiats fens frum other palus-
wine wetlunds. Many fens urc 00 wroall even to ghow
up oo wpogrsphic maps or slute jurisdictional wetland
maps or be differendated frovn ather eonsyswems hased
on higheallitude aerial photographe.

We, therefore, usecd Lwo apptodches m ostimatng
the impact of the SWANCC decision on Tens. The firse
of these invastigaied the proporuen of fens thut would
be jurisdictionally defined s 13olat=d at three discrete
Jiztances frum the surface walers of Mew Yurk. In this
pnulysis, we found that only 21 of 78 exemplary Mew
Yok fens are located within 100 meters ol a navigubla
body of waler (Table 5). Even il we streteh the notiun

Thhle 6. Expert upoiion on the relationship of Fens in various statcs 19 pavigable biadies ol bl

likely to bo sinular (o oudwey mmﬂj sttt ;

where fens are loguted in similar climotic and Ynds
scnpe sewtings. Thusd, Under An expAOMVeE interpretaton
of EWANCC, moit New York fona, and probably most
sagtern 1.5, fens, would nat be considered o be undsc
Clean Water Act jurisdiction cven though & continuous
surface waler connoction o naviguble water probably
could be taced in all cases.

Char second approach wis 10 gexk the cxperl opi nion
of scientist, regulatory siaff, and naturalists who know
the fens of their states. Theie insights indicuse that,
under & narrow interpretation of the SWANCC desi-
xich, most fens in the humid and mournainons regions
would remain upder Clenn Water Act jurisdiction be-
cAuse & Continuous Aurfucs Water counnection usually
could be raced o navigable waters, albeit often ol
grest dietances (Table 6). On the other hopd, fens lo-
caied in semisurid regions are oot likely to be eithor
adjmcgnt (o por contipuous with navigable waiers. Fenx
in bumid-continental regiong may of may fot b ud-
jucent (o Or cofUnuOus with novigablz waters, For cx-
umple, most of lowa's fens, where the climate ig hu-
mid-continental nnd sweams outfowing from fens of-
wen dry Before reaching major sirenms, would be ex-
eluded from jurisdiction. LUnder an cX pANsive
interpretation, most fens of the LS. would no longer
he subject to Clean Walet Act regulations beo puse Tew
ars acteally adjneent o sruditionally dehined navigable
waters (Table §1. Atthough all of Mew Jerpey 't acidic
yeeps aré adjacent Lo §ireanms, the wotal area of these
fens is only about 57,5 ha.

CONCLUSIONS

The maost siking charseteristic of U 5. fens i their
ditpropartionately lirge contnibution ta the binlogical,
chemical, und physical integrity of the Mation’s waters

f— -

Coninuous with

o — o

Meher E'-:xlnll;inunus

byt Distant from Adjucent {0 with mor Adjinent to
Sinte Muovipable Watery g vy gpable Wil Maviguble Walers

{ulorede most prshably moe smatl pereent
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relative to the small part of the landtcaps they occupy.
With the exception of the boreal poor fend of Muing,
Michigan, Wisconsin, and Minnescta, nowhere do fenas
form more than even gne peréent of the landacape.
Monethaless, because they sit at & critical interface—
in headwater posiliont where ground water becomes
surface water—they atrongly influence the flaws,
chemastry, and temnperature of water entering ouwr Ma-
ticn's streams aod lakes Their plant species diversity
i3 unegualed among wetland sopsystemt and high vel:
ativa to all other 1.5, ccosystems. They alse suppor
mbpy species of nhcommon and rare animals, cotably
scveral federally listed spocice and many specics of
prate-listed rare butterflies, skapperi, rootht, and land
snuls. Additionslly, fens expand the range of many
regionally rare and endangered species. IF the
SWANCC decicin 13 interpreted narrowly, most fens
in humid regions would not be affected, but fens in
semi-arid regions would no loogeér be coversd under
the Clean Water Act. In contrast, if the detision is
intcrpreted expansively, then most fzns in moat regions
would be considered *igolated’” for junadictional pur-
posey and oot subyect to Clean Water Act regulaton,
[n thia cass, the tegal definidon and scientific under-
standing of the voncept of wlston clearly would be
gt odds,
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Appendix A, Bocementation for Fen Oceutrences in the United Sinie
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fov sdditional references. Richerdaon wnd Gibbons (1993}
ill of which would be fers by the definifion used in this p

1994, Amon ot al. 3000, apd references therein and the tcla
and Moochead ang Rossell (1998) yoc different terms for the tarmc wellamds,
AECT. p.c. = peronal commuaicition.
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9.3 Rydrology of Bogs: Examples from Canads, United Stageq
and Western Siberia B

- |1_. o
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.41 Aspects of Large- Scale Hydmiagy ..-': :
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mmmﬂpmmmmmwmmﬁ
ing the regional wer-table and [3) driving the formaation nad developmment of 3
wmwunwhmwmﬁw
waler dumimr.hpimmtagrmdpmtnﬁpphydmm
hnntﬂu:mtrprumlhnmdyuu.uﬂh:mdﬂmpm-wuudﬁﬂptm
mdnﬁﬂrmn@dmnﬂn:{%ﬂilﬂlﬁ,b}.mﬁhmm e
0 CORTat to v narmal positiem, devdoped. down-zlope frars the mrsine B
mmplnuﬁiﬂﬁehmum&udﬁrlmlm:bmmmﬁurillplu':;"l.'; E
wheremirklﬂmhiummrpumdupmrdfhmughﬂrput:mrb, L ISEE
acdwpctive dinpersion g butered fow pattis o discharga = =2
o the Glacial Lake Agtytiz Penitand ({8 N, " W] region of Midoesot
1L A}, Raveever, peachend development wa lurgely driven by cimate Jrives
ﬂmmtm.neanwnﬂmﬁmmhmmhmmﬂrdrrﬁﬂh
w.mmmsmmmmmﬁmmbm
ter flow dystemu. Inirind local aod wyoptic hpdregeologic tarveys iy this
region showed that spring-fens and some Lt waier trucks were cogaiale oty
hﬂtadmrdikhrg:mfw;mmdmm,wﬁummdmhann
ummcksdwdopedinmuﬂmniﬂmﬂn:m:puudtmﬂxdﬂh

work vas tat che rised bogs sag deveoped over dicharye wones kor 73
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grounduater (Siepel 1903; Romunowicr et al P95, Blogrei crall 1995 Glaser o
al 1997). Daring moks pericsds, wate r-table mownds within these boge drowe
surface waters downward and deflesied the upwelling groundwater o the bog
margine, bt during drowghts, e sater-ble moundy dissipyted. permitting
the grovadwite it rise closer to (e peu murface,
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Murﬂwmmdh;mimindni:ﬁmmﬁ:pmm{!]mﬂ:m
flenr throvgh the green part of the bog (‘sarcustn) above the mean bowss)
mﬂmkﬂ{i]mwmmhwauﬂ the
upper peat lapers and {3} deeper groundwater Bow, Of these three, gwertand
ﬂwimﬁdndmtmhmmtumﬂnmtmﬂmhwudmh,m
hmmmmhmpﬂudwmdmﬁﬁw
tEﬂh;bm:nmplmdhthmthmocmhi:bq{w'ﬂﬂ.H'ﬂ'E}
i southenstern Fnlend (M 1997). The monlior setwork inchided 710
measureminty of Lmpersure s0d BC in two perpendicular apd vertical
mmthu{kngﬂ:lﬂmmdllmm}.mdlmubﬂwunmm-
inpimmlﬂﬂmmdthemmnmw:mﬁ&mhquﬁah
mm:tﬂﬁnMMWMmmﬂﬁmﬂu
diﬁamtm[nfnwnih.dupmmhmwu@ddmhhbﬂ-
mwmnw:mm-mmm

Acidity
mm&vﬂmmwmmmwmpﬂmu
u&:mﬁuhﬁpﬁi.ﬂ.ﬂuﬁmﬁdﬂmm&&ihuﬂrﬂ
pwuntduhu;,ﬁmlheqummuddﬂrdﬂ:uuh:&:wwjlh
depil: pH 60 bt reached af 20-25 1 below the peat ruriace. The souzcs of
aditriihutadnurth:hq“ﬁﬂ,%fmhﬂmimmpmduﬂd
hy&:mkmmlunydﬁﬂmﬁphgmmmnumdpm.md-herwm
mﬂmrﬂ:ﬂhhmﬂﬁ;d&mﬂhu!%m{&hﬂlm}.
I adtdtitiom, the mmm&muﬂmuﬁmm{pﬂniﬂm

“highewt pH valiees. (pH>6.0) are reachied near the mimens] scil sbatyarug of

m&nthnubﬁg.wtmrlumpp}rufbuuhwﬁdmmmuﬁuth:
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it Wik thie moarglf iehichi is clearly seen m the conductivity eros séctions
of Huokkasuo [Fig. 9.2). The lowest conductivities frbout 4 mS 1], being
somewhar higher than the mean conductvity of precipitation in the ares
(23 @S ), huawe been measured in the interior party of Hudikasgo, extend-
inguﬁehunfhhuginﬂ::umﬂehullmndﬁ:m@ﬂm
of the Hunkkasuo bog are characierized by higher conductivitis,riving to the
bog rurfice oear (1 vorthern aad sowhers tuusgin (Fig. 9.2) Iz the basal
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A thrre-diime orignal (D) dymamic mode] for
mhmmwmmmm
h%mmﬁmmm%mﬂmum

depends op mnch:&rnymdiimmdniupmm{qmj.m
pﬂhmmmmﬁuﬂnmﬁhdmiu;udmdﬂdomﬁmpul iy
et chanyes the fpdrologics] Tansmisiivily. promsoting highes water levehs
lbnmmmdmﬂpap&r.mhabappmm:hmmn&mh{t;uf
ceepet and older pet Liyery

mrﬂmm;hﬂmmm,mmﬁmmpmmm'mmw
il repolution 100 m. Vertically, the mode] aBowed o severn] layery, i e,
d:_-:_minﬂdnﬁmﬂmdmmtpmhmhuﬁmwpﬂﬁddﬂmmu-
ﬂmnwmtmm}mmmmﬁ,mmm
mlmmmﬁmmdum 6500 years B.P. {Borren et al
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ombrotraphic raised bow Mrvam®; see Section 3.2, All dhese five have heen
inpletented in the model,

Note that the pead body i bocated oo @ wanrhed aren between rivers,
which means that the infence of groundwater and river water in negligihie,
Ar pheces whiere the waler table ix sbove the miseral surface bwl, marshy pewt

i formedd As long as the watec table is higher thae the rorficeleves e wccy.

mulstion pracews continges. As sooa as the imitia] pedl deponits are thickey
than 0.5 m, » change o gther peat types takey placs, The transition from poe
trpe to another depends on aurient supply, which o the mods wap flrn-
lated by ruperfuciad water-fSow conditions. Tt ey woramed that e mptrient
Supply 10 vegetation waa higher if roore water Bowed through the vegrtation.
Thee main model iopotn wete bpdraulic condctivity, peat growth rate, carbon
eanenl, precipltalion, svapotranminition, rivers and digital leration models
(DEM) of the mineral auheodl and the present peat murface, The peat surface
DEYM is b top of the arredm

Table 9.3 shiowes the used peat prowth rates, organic maner densities end
carbon coatents of the mire trpes {Mevten and Lapshine 2001; Borren et o
2004). Holocene precipitation was derived from the tecard of Klimane (per-
sonal communication; Fig. 9.3). The et recharge wad cakouslazed by mubtiply.
ing the precipilaian with an evpotranspiration fictsr, which differyd

Tatsbe 1.8 Freperiies of vardowt wilie wod 20 trpes, Pest proweh e, dey erpaic maher
denudty snd carbom conten (% of dry gt maller), ncorfing o Meoten and [ag-
abxin (3001} and HT::HH.{MIHMMM“MMH-
Fpirazioa Eactor (% of preclpitation) estimated in this sudy
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et Siberia. This difference can be dus to the fate 1tars of peat formaticn i
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a near-furure carhan accumutation e of 7.0 £ C me year?, For the whole
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By this frward cwdefing, starting From bar minerat soi, the pext thick-
L4 and ekt presence ate pradicied quuite well, which proves the modet aon-
cept,

34 Fens of a Largs Pristine Fen
in the River Ob Valey
4] Geoeml

Within the vasl peatland of Western Siberia, chaing {hundreds of kil enetere
lotg] of Untonthed s rotmphic fene wre prewent i the Ob river valkey on
torp f wide Pleittcene terraces which limjr e O rier Goodalain, The de-
vation difference between 1oitaces it 5-20 m_ The fens ot higher tarrace are
putly drained for agricultural lund nse, A section (3-5 kn wide, s face area
I.Jh'n".Sﬁ'H.ﬂ'E}hdmgiugnmfm—mrmwfuﬂWd:whprdmﬂu
lower Ob eiver terraees west Ero Tomek wi sebicied to stody the bypdrology
and putrieet enditions {Fig, 351

Peal Khicknew varies from 5.5 m, in 2 former tiver channed erpded in the
" betrace; near the terrace iy, e 0.3 m Btar 3 secondary Ob chuasmel By piai
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bevel. Chitnak i severe contineniul, with 5.5 months of groeing wason (aver.
256 BUMMN T SMperalure, Jause- Angras i5*C) and precipitaion in sxeess of
0.21 m pear~, of whichs 60% m mow (Kauten 2n4 Lapalrina 2001].
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Vegeiation tonaticn and bydrochemical characteristics can be explainedd by
Mﬂmﬁdpm&hmﬂghm&::wwm:nimmr
cose Ty :hn:l!ay:dp.thumpmhunﬁlli;hamoﬁﬁpﬁcﬂ
uasurated zone, ceusing relavively dry eonditisns (Figs, 96, 9.7} This may
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eutrophic canditions give rise o high-productine, Hrtcier poor vegitainn
dmmdbrﬁmgnﬂtﬂmm}nﬂump]in;hmimnmdm:mm-
dance of Beula pubescer at ampling location 1. The opem gedge fe i alsa
chiracterived by a strong secpage (k. which in combdnatinn with the jower
alritads resalts in pelazively high water levels o the atire sarfuce (Fig. 5.8). This
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Hon revalt in a zonation of vegetation i the Ob valley mires, Due to the dom-
inance of massif WY Of gemundwater ot the upland margin, diferences in
Water chemistry are imall theoughout Lhe study aren and the differences i
vegeiation charucteriptios between the zones are <orrerpondingly umall The
domlnasce of gropdwater prevents a esacked infbience of precipitaian oa
vegetation characteritles in the Ob valley mires, Fetuhing It vant areas with
Quite lowproductive (300-300 g dry weight m~) species-rich {20-10 cia
per telrvée) fen vegetation dominaced by sedpes nwch m Caex fasincarpg ud
L rostrata, forbs ke Mimyenther irifolinta and Parnairie palustric and
brovnmonses in the mafor par of the atudy prew,

0 the studied Ok civer valley feo, spparently a layee eonsisting of warer
wad presegs hetwren the top peat wnd the (Boaring} roots ang grern pusts of
the fen plante and mosees. Most of the nutrieme are traneported thrugh thiy
top-Liyer. The Autriznt bulance showed that discharge of groy pdwate; is much
matt tmportnt thas precipitation by orders of mageituule}, The slow sdep
lation of fen vegetation afer cufting canal for drinage can be expluined by
tils ¢ypical Layes, which tap taka BULGY YeArS to dixappar a5 horisontal water
Bow capabilivy gradually decrenses during the desiccation Procens. Vigetating
change can be expected when water balance furey change, in particuley whey
grundwiter Lnflug {peeping-up of preandwater) disuppenzs (Watsen & al
2002).
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28, M. O S¢uliy, M. & Zubady, Qoo Oprrtes {Cainilerid gt
Unlw Pecy, Cambinichge, 19971,

1. E L Hadin, Mya R BB, SED 19500,

0. E van Qurt, M. Gaabeek, b P, 143 11
1990,

11 P stwhler Susrimio of Magnettr fmonener Uhpnger
Wrrlag, Mew Yk, 19900

.

1, Wa wr graletd {u | eyt and Beede Lale s T

bRy Wi it ouis, We tairik A Mukherjon,
N, Whdrog, £ Devviler, © M, vl 5. Ssbdey oy many
Wnilafiteg drkd sk afied frpénbntal by and S, M
for proveling high pintty domond wmple. Thiv weork wa
upporied in sl by Wie NST Career Sownrl; Aumy Keoach
e Madtivrimnary Linheruty Keearch Inbuine; and [he
Pachard, “doari, and Hmb Joowlabons. 1] and |
athnrdecne wppee! Irom Dmutu hen L hungugemein.
whal (3 BARA ) and the Limipean ©mmiadon DA

Rapid “Ea-rllly bevelupment of

Circumarctic Peatlands and
Atmospheric CH, and CO, Variations

Glen M. MacDoenald, ™ David W, Beilinan,! Konstantine V. Kremenetskl,?
Yongwal Shang,’ Lawrence €. Smith,! Andral A. velichko?

An analysis of 1514 radigearbon dates demongtrates that the developmeni of the current
circumarctic peatlands began --16.5 thaysand years ago {ka) and expanded cxplesively hetwesn
12 and 8 ka in cancert with high summer insolation and increasing femperatures. Their rapid
development cantributed Lo the sustained peak In CH, and modest decline af CO, during the early
Holocens and likely comtributed to CH, and €O, Huetuations during earlier interglacial and
Wnterstadial transitiens, Given the decreased tempd of peatland nitation in ihe late Holotene and
the transition of many frem tens twhich generated high levels ol CH.) to ombrovraphie bogs, a
neaglacial expansion of northern peatlands canngt explaln the Increase in atmaspherc CH, that

occurred atter & ka.

ndem northern peotlends cover ahout
Md- million km*® across Furasia ond

Morth America and represent the hig
gost welland womplex in the world (Fig. 1),
Tuodiry, these poatlunds ure thogght W storc 1RO
w455 Py of sequesered carbon while alsio
mlousuyg 20 1 43 T per year of CH, me U
abnosphere {102, The potential conttwtion of
poethern pentlnnds tn flugruntinns in smnspher-
ig CH, and 0, over the Inte glicial and
Holocene, und during earlier interglacials, has
been 2 mutter af much speculation and debaic
{1 4}

[eescore rocords shuw that ClI, concentra
tins rose from =350 1o 650 partx per hillion by
valume (ppbyvi between the lusl glawial rmsi-
mum (LMY, whwh weeuricd 200 ka {20,000
calendat yoars befare CE. 1950, and the
Balling-Allerad (BAY wann period (~15 @
13 kad They then declined by 200 pphw
duning the Younper 1pryas (Y12 solinl {13 m
11,5 ki), rse ripidly o levals over 700 ppbw in
the carly Holocene (11 ta & ka), and then de-
clingd agwin betwieen & and & i (3). Tt ho been
mainzined that because condibions were not
fnvorahle for widesproad circumaretic peailind
formation until atier & ko, tropicel wetlands or
marine clathratey were the likely sources for the

‘Department of Goography. ‘Gepartment of feningy and
Lygluifonary Yiglogy. Unweruty of Caldarmis, Lo Angeles,
CA ROOPS-15%/4. USA. “Runuan Academy of Sowages.
Moscowm 109017, Russa.

“To whom orrespangence should be addreysed, L-mal
macdos g, il vdy

www.soiencemag ofg  SCIENCE  vOL 314

Cl, peak that occured 11w & kn (4, V) On
the bakis of the niuned late-lholocene devat-
opment, it has been sugpested thal northemn
poutlands played little role in the declining ul-
mesphienic 0, which has abe been vbrerved
during, the ponod (Tom 11 1o 8 ka (5). Others
argue That the developrent of e nwsthern
pemland complax cotthibited subaamtially
the enfly-Hologene CH, increawe and siroulrs-
nzcusly decrepsed otmospherie C'0, duough
ciarbon sequestmtion in nnthern soils (b &),

Eesolving the debute on the potential role of
the northemn peatlands in carly postglacinl <8,
vanalions has beeome critical dince the recent
arulysis of the dewterium and carbon isotopic
vomnpusition of CEL, (8D, and $"'Ce,) from
Orcenlamd e swapley, which sugpested that
the deslabilization of aame clatmiss i an
unlikely caplutaion for the HA wr curly-
tlolopone CH, inereasks (10, 11 I visw ol
thiv evidenee, it hiw been aipued that ihe
sustwined high levels of CHL that develaped at
the lose nf the %73 in port require o persistent
lerrestrind source lnked tn the warming ¢limane
nt that time {{ ).

Holocene concentrulions of atmospheric
CEL, reached o mimimum of <600 pphy at 6 ko
and then incrowsed again over the luie Holocene
e yalues of about 695 ppby jus before the
mdustrial revolution (7). This ate.loleeene ins
cromse fwy been varoosly witnibuled cither to
capansion of northem wellands due o nce-
glocinl climane cooling afler the Holoeenc
therrsl risimum () ot o e prsduct of ca-

Lupporting Unline Malerdal

S e Acemag o gl LoonTiniul 1113 187 LT
Matenals and Methads

Relerences

IR June ME acopted M4 Bt SO0
Iblivhed erline 14 Soptrmber SO0

1] 1S Ahemie 111181

Includs b infarmation whan ¢ ding thie puper

passbing, anibrapogenic aaraty (athicularly the
expangicn of nge- and canje-based s
giieties) in the midk o lite Haologene (1)
However, recently collpetd C1, dota feom
Antrctic ice cores revenl tht the mid- o Rbe-
Halmeene incrensa is nol unigue. A sionilir late-
interglocial increase in Pleislocene atmosphenc
ClH, wevurmed ~400 ku during Murine [sotope
Sage 11 {(MIS11), whith clrarly cannet reilect
anthrepogenie sourccs and hay been aseribed

istedd 1 naturd) Bctors, meludng expansion ol

northem wetlwnds (£ 1),

Too nedreds the hypothcaia that nonbem
peatland development coulgd have gontritwited
10 the Tute-Pleistincene and Holocene wanpbons
in atmespheric €11, und {73, oullined above,
wr collated 1516 basal rodincarben dules for
peat injtiction from wetlunds throughout high.
latitwde Europe, Asia, and Murh Amcrica from
# wide viutely of sourey (241, Bome sy, sach
As Eetmoniandia, lave mimetas isal dates fora
smull geographic aren, whensny other yery kg
ek such pa centml and eaatern Sibern hive a
limited number of dates (Fig. 13 Therefore, we
amitlyzed the compiled data szl by riw number
ol nitishion dolcs, and we also divided the
Northern Hemisphere into grids of 2% latitude by
2" longnude al assigned o vadue {or peatiund
irmbinon beged on the eldest busil radiosarbon
dare: 1 each well (Fig. 13

The ek of basal dates older tan atwut
16.5 kn suggests that there was no extepgive
peatland complen in the northern gitcumpolar
region dunng the [ Gkt (lig. Z). This findling is
carreboried by palynalogical dats thet indicate
o paucity of Sphagrum {peat moss) spores frnm
deposits of this age {75). Bofore 16.5 ko, much
of the Morh American and European arctic and
guburctic were sull covered in dec, and it iy
likely thut the large icc-free amcas of Siberia and
Berngi were 100 cold ind dry (78 1o promole
extcnsive peland develugneet, This abscrws
of any mpnificant nonbem peatiand complea
during the LOGM s comivent with e du-
pressed CH, Jeveln and the mlatively fow pro-
portion of northem CH, snurces observed in
ice-core reconds (Fig. 1.

In concen with incrensing surmmer insolation
ond northem high-intitude tempenbirg, he
current northern peattand cnmplex begnn devel-
uping in icesfree portions of Horth Amenica and
Agin belween 165 ond I4 ki and inilinting
widely on all three northern continents after
14 ka (Figs. | and 2}. These resulis dispel the
carlicr assertion thal peatland developinonl in
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Fig, A. Map of the qurrent distitutian ¢ the nordhern drcumarctic peatland

that inittated during each dme slice and the gray dobs indicate preesiting

comples and the boreal forest biovne developed o 3 nurnber of sources  peatlands initated during carlier time shees. The Bming of peatland

{54 text) and the inftiation dates of the pratlands based on radlgrarson
dates from the base of peat deposits {240, The red dots indicste new peatlands

weslern Siberi wis in advence of development
in Morth Amenca or elsewhere (7). The initiul
expimsion coincides with warming during the
Ha period §Fig. 3, wnd it 15 likely that in-
crensing warmth and mnisture and decreasing
glacial icc cover promoled peatland growth.
Resultant development of the northem peatland
complex corresponds with increasing  atmo.
spheric O, concentrations ehserved during
the BA {Tig. 3} However, the still-limited ex-
tenl of norhem pestlands at this early interval
is consistent with cvidenee for u relatively re.
siricted il of nothcm wetlunds in producing
the 13A CH, increase (Fig. 3). There s a small
decline in the mite of new peatlind fonmation
during, the Y3, which may be atinibuted to the
development of cold conditions over much of
the Morhem |lemisphere and meadvances of
ice. /At Lhe sume time, there is A previpitous
drop in (:l14 roeorded m the ice cones {Fig. 33
that xcems to Teflect additiomal factors. Muning
the BA und YD pericds, it is unlikely that the
cxtent und prowth of the northern peatlunds was
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Initlatlon based on 2™ by 2" grids 15 shewn In the vight panel in the botem
row. The grids map the aldesi bawal poat dates within carch grid cell,

]

MMe. 1o bge-rangss
2 =2 8 B

arctic peatland evtablish-
ment in Morth Amerka
(blacky, Evrope {red), and
Arla {bluel based on the
1o1al nuinber of initislion

dates from each region. g

Fig. Z, Timing of crcum- g

-
=

T otcumenie fretuency
of basal peat radiecarbon
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-—-mg
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-1235
QEE
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agés ls plotted as the o z 4

numbper of callbrated age

8 8 1 12 14

Age (ko)

19

th

ranges that fall in any year (14), smocthed with 3 188year running mean. The derreasing area of the
Laurentide Jcoe Sheet (dashed linel as it retreated over the Late glacial and Helecene (17) i alua plotted.

groat enouph to hove significently affected at-
muspheric U0, concentmtions.

The iritiation of the enrly Holocene womiing
al 11.5 ko ofter the Y17 is murked by mpid ex-
pansion of pesthinds throughout the north, The
Mordh American peatlands exponded  mpidly
during this time {Figs. | and 2}, even though shill
vonstrained by the ice exlent of the Lunrentide

leg Shegt (7)), The tempe of sulsequen
nnrthem pentland development in Nonb Anwy-
i wik influgnoed by the mie of wnnnued o
refrent wiwl the exposure of land murfices (hig, 23,
Large arcie af porthem Asia Rever supgorcd o
churing the LOiM (f&n and by 11 &, [igh-lank
climiite had vwnemed (Fig, 3 Whar repsned of
the Soancdinnvian log Shest was nodriotad K gon-
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R I CH, Dome C

Fig. 3. Timing of drcumarctic peatland establlshment companed with June insolation at 60"N (24,
Greenland ke Sheet Project 2 (GISP2) temperature reconstruction (27), atmospheric €O, and CH,
concentrations, and estimates of Northern Hemisphere CH, amissians derived from the InterPatar
CH, Gratdient (IPG) 3, 4, &, 28). Atrospherk CO, and CH, concentrations show ice-Core data Trom
turopran Projest for lce Coring in Antarctica {ERICA) Dame C {red for Cﬂz and blue far CH‘] and
GISPZ [green triangles show CH, (3, 27-31)|, Dome C data are shown on the arginal EFICA Dome € 1
time icale fram © 1o 10 ka belore preient {circledd and an the GISP2 time iale with £H,
synchraniration from 10 to 19 ka before present hamonds: 50M test), Qome C error hars tndicate 1o
uncertainty. (&} The afturrence frequenty of 1514 radicrarbon dates of basal peat depoaits (14)
shows the numbaer of callbratod ago ranges that occur in any year {hlack curved, (B) Sumylaiive curve
of 1514 datex (red curvel, (D) The oldest basal peat dates whthin eacl 2* by 27 grid {gray barsh

il Fennoscancha §F¥), allowimny, widcsprcad ox-
parencn of peatlands o dctthen Euragid (Fugg. 1
and 23, A sustutied poriod ot triadt s iates of
peasiand esahlishinent fisllowed and perdisted
utnil about & ka,

‘The mpid expansion of peatlngs nt the closs
af the Y1 coincides with & --15-Tg incrense in
atmoaphenie 13, derived from the Worthern
Hemisphere (Fig. 3) nnd a 200- o 250.pphv
incrense in tatul I, conconbrations. According
o our datw, the norhern peatland complox was
likely af «:230%0 af ity curment acriol exiont al the
end of the YD and cxpunded to shout 50% by
8 ka. Om Lhc basis of current cslonates of oversll
U1, production frorn northorn peatluds (7, 73
they may heve cuntributed 4 10 % Tg o’ Nortl-
emn lemisphere CEL, ufler the ond of the YT}

www sorencamanorg  SCIENCE  VOL 314

and wp w12 1027 Ty, by 8 ki However, bascd
o Tyincal pedthod juceeidion slugod, tughr
suminer msdatnzn it the carly Holstens, and
evidenee of pealand vogetadon and rype
from {ur pedt cores ks in Sileris (7), 1 s
likgly that many af these newly developed
pentlinds were wam nd wet mingrgtioghic
fens, often dominnted hy sadges Such fonm op-
ically emit CIL, ot mtes many times grenier than
the ombmotrophic Sphagnum bops common in
much of the norh tebay (8, 2 22, Therefore,
we suspect thal the rotes of Tl produclion in
norhem poatlands may huve heen considers
ubly highcr in the carly Holocene than they
arc luday.

The h”'::{'“_. valucs ol icc frum the Fakisog
wulerop m western Gmeenlard have beon used

te inter the likely anging of carly-Holoene
simespheric CHy (125 It his Bedn copeesred
that majnr femrestrinl sowrces enntnhnbing meth-
ane during the perind from 2ot B kn dikely
produced CH, with #1°C volues of between 50
and &) {ff). Althongh northem peatlands
dominaled by ombrogenous bogs may {ypi-
vally emil 18, with §'*C =7 60, porc walers
and cmissions of borcul fens are relatively
cnmiched i VY (svenpe {')”l_'.;-"‘ values wl 50
1o =50, particularly i high-productivity sites
(24 These valugs wre congistent with the
corly narthern pemlind camples, desinuned
hy mingrotraphic lens, which wad R major
coniribulor to the penk in CH, that occwrred
11 tx & kn nnd must be ¢onsidered in oddition
tn the potentinl ropical sources suggestad pre.
viously (1S},

The mpid growth of the circumarelic prat-
lurnd canseplea wkd its associslod scquestration of
phymrmass cartol mothe carly Helwane may
vt alad contibuled 1@ the decling by -7 parts
per million hy wolymg Gapined ol atpnoephers
0, pharrved in the jee-pore recands hetween
Il ka and the mid-lolocene (Fig. 1) ‘Uhis
decline has been interpreted us reflecting o rodal
hiosphrre upiake of 110 g 7 in the first hoalf of
the Floleeoue {43, More thun half of the peat-
lund busal dutes m vor dota sct arc older than
B ka, indmating ryid inilation amd develop-
ment of this carbon stk in the carly Flulogene,
Coneteanvely, 1f by B kA peat depoing word
05 tn | m thick, coversd just pne-giuarer of
texliny™s pentiand area, and were similar in car-
bon charecteristics 1o today's notthern peat-
knds (1), they would heve been copable of
scquestering 29 W 58 Mg O Forher detiled
recorpstmuction of nel prat accwnuolation mbes
during thas perad ars requarcd to Biler catitale
e maghitude of 1he eoninbutien of the narth-
em peplands o sarly-Holocsne amcapheny
10, daclings.

The widespread development of pentlands in
TEMINGE ty incrensing summer insolstion, BA
worming, and particularly rapid Elelocone
warming aficr the YO supports the hypothesis
thut the norhern pratlands were o mejor emos.
trial fawtor vontribuling to the carly fluchutions in
alnoyphere CH, and to (), scquesimtion
durng, e cumrenl micrglucinl. QU s likely tha
ey plaved u snrilar role i corlier mierglacials,
The rapidine and ligee spatial entent of (e
sespans of the nunbem posthas! complex,
particulaly o e onset of post-YIE wanming,
sugpests it they mgy even have played g role
in CH, and OO, winintions at the shortar e
scale of earlior interstrclials ok ws MIS),

The ohserved decline in pentlind initintion,
particularly in Furope and Asin ofter ® ka,
carresponds 1o a decline in atmosphenic CH,
concentrations between ® and 6 ka (Fig. 1.
This deeline m inilistion rales should not be
vonfused with a decline in bt peatlond arca;
musl peatlands that were exlant at ¥ ka were
still catant al 6 ke Eluwever, muany had trns
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tormed trom eurly sinerotraphi feas to ombr-
trophic Sphagrum bogs, which arg typicnlly
wenker sovrees of O, (un are fens (23 23).
Therefore, the trensfonnation from high CFH -
cfflux fenx to Sphaganm bogs, coupled with o
dechining mte of new peatland formation, would
have contribuled Lo the devline in amnespheric
CH,. What romains purcling is the ol thot
rorhern peallands pleyed in Uic subseguent
iiercase n O30, botweon 6 ka and just belons
the Industrial Revolutmn, By OB, 1700, Ryvcls
of atmospheie 1, Rid [ereial oo dpain b
almusr I ppb. Howevet, contruy 10 carher
spaculition (¥, 15, new pemland witistion was
relatively adest in (he late Holocens, mwd gon-
version of fens praducing high levels of CF I, te
Sphagnun bngs with lesver prosduction was
ongaing. If the mid- to late-Holocene t".II‘
incresse docs not have om anthropogenic
cxplenalion, then itx sourcc must Jic im factors
vther thon Jarge-scale rosurgenl eapansion of
the nodhern poatlund comples.
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Solutions and the Rapid Formation
of a Giant Ore Deposit

Stuart F. Simmans™ and Kevin L. Brown®

The Ladalam hydrothermal system, on Lihir island, Papua New Gyinea, hosts one of the yoyngest
and largest gald depasits in the world. Several deep (more than 3 kilometer) geothermal wells
witre drilled beneath the ore bodies to patract water at =2 r5*C and to fagiffate open-pit mining, Using
a fitanturn dawn-hale sampler, we determined that the decp geathermal Brine of magmatic grigin
cantains --15 parla per billion gold. At the ¢urrent gold flux of 24 kilograms per vear, this deposit cauld
have {ormed within — 55,000 yean. The cambinatian of sustained metal flue and etficient metal
preclpitation led 1o the formition of a gianl hydrathérmal gild deposit in a short period.

b ariging of kia hydratherinal gold

I deposils are oot (7). Tl is be-
chuge (bt congentihionm of predios
mictuls and How tates of ore-fanming Muids are
|||;~,u,|r|y quantifigd, and the origing of e menls
e unelenr Those papsets can be Slaeified
witly direer anplyses of ftuids from magdemn
hydratheminl systems. The anly known nctive
hydrodhermial gold deposit is al [adolam, on

‘Grolegy Depr, Univ of Auciland, Prvaic 92015,
Aackizind Mall Contre, Auchland 1142, New Zealanwd, “GECHEM,
0. Boe 35-210, Swarvam, Waltikoin 0653, Nibw Zralad.

To whom coricspandenee shoeld e addecised. E-mal;
shoiinerdund faydud hlind, ag. 02

Labur Inland, Papus Mow Gumea, oud thig
depomt is onc of the largest m 1he world with
~ 1M} ong of gold, Geothermal driling ot
Ladalam bag Betn sngog sinee Belore the
At ol epoi-pit avinnyg in 1997, and e welly
nrovide aceess @ ihe decp Tluids wpsfroinn ol
the ore 2one, Hegmise pecious metald provip-
itaie in the wills during Auid sscent duws 1o
bailing (&), we wsed o tilnnium fdnwn-hnle
sampler to obipin deep fuids for anplyaes
{1} Any metals that precipitate in the
sampler during its remm to the murfpgg gan
he incomorpted into the water sample by
rinsing the litnnium sampler with strong aedd.
Thus, the ideep metal concentrations can he

directly mensured and wsed to constrain the
rale al which the gald ix Irsnspared and then
deposited in order to form this ginnt deposit.
Ttecuuse Lhe isolopic composilionys of the deep
hydrothermal waters al Ladulam sre predom-
ity mapmate moengin (9), our duta cover
uot gust tie ongin o e mctaly, bat oo e
comeninnend of gold and related mgtzls m
mggmatic hydrothennal aodncns, which ave
thought tn be impartant o ihe formanan of o
tlepomite (J, o).

The Ladolmn gold depesit ocoupies the
conter of the extinct Loixe valoano on Likir
Islanel {FFig. 1). The twa major tibular ore
gones cover —2 kim? and extend from the
surface 10 400 m below soa level. They He in
the middle of a breached cruter thal formed in
responsc to seelor collapse and unroofing
of Lhe vulcanic cdifice -400,000 yoars ago
(4, 7, 8. The resulting explosive depressur.
tzation of the magmaebi hydrothommal system
pridduced o diremic brecein complex and
lghly permeatle rackd, which now host the
orc. Mincrulogival, Muisd inclusion, and isu-
lupre wtudicy (4] show that the gold way
depisited 10 Iwo SRS Wiweon 136" and
20 thotn salutions of nigaatc ofign, when
they mied with ofher Nuikls o Woded, The
wagmatic gold-bearing solutions wens ncar
meuteal to slighily aealng pIE and contained 3
w0 W ¥hoequividnt MaCT The howt ks
comprise alleplic mafle (0 intemmedines voleany
and infrusive rockd (9 1hat have beon hydm-
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Ground-Water Quality in Unmined Areas
and Near Reclaimed Surface Coal Mines in
the Northern and Central Appalachian Coal
Regions, Pennsylvania and West Virginia

By Steven D. McAuley and Mark D. Kozar

National Water-Quality Assessment Program

Scientific Investigations Report 2006-5059

U.S. Department of the Interior
U.S. Geological Survey
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Ground-Water Quality in Unmined Areas and Near Reclaimed
Surface Coal Mines in the Northern and Central Appalachian
Coal Regions, Pennsylvania and West Virginia

by Steven D. McAuley and Mark D. Kozar

Ahstract

Findings are presented foom investigations during [ 9596-
1998 by the VS Geological Survey Mational Water-{jualjoy
Aszessment Program. Ground-waler quality im 38 welbs down-
gradient of reclaimed surface coal mines is compared to
ground-water gquality from 25 wells in unmined areas (back-
ground concentralions) in the bituminous eoal Relds of the
northett Appalachian coal region Chigh-selfur coal region) in
Penngytvania, Maryland, and West Virginiz and the central
Appalachian eoal region (low-sulfur coal region) in West Vir-
giria. Ground water in the mined high-sulfur coal region has
sigmifcantly gréaler median concentralions of sulfale, hardness,
caleum, and spetific conductaned ¢ompared to the unmined
high-sulfr coal region and to both mined and ynmined areas in
the low-gulfur coal region. Ciround water in mined aneas had
median values of mine-dramage constituents {sulfate, iron,
manganese, aluminum, hardness, caleium, magnesum, mrbid-
ity, and specific conductance) that were significantly preater
than medians for wells in unmined arcas, Mine-drainage con-
stituents include cations such as calciom and magnésium Uhat
become elevated compared to levels in wimined areas begause
of exposure of acidic tne drainape to calcarecus materials.
The wansport of pyrite-oxidation products from the mined site
and subsequent neutralizalion reactions by calcareouns materials
at the ming site or along the flow path are likely processes that
result in greeler concentrations of mine-drainage consttiscnts in
mined arcas compared to unmined arcas, Mine-drainage con-
stitoents generally exceeded unmined-area background concen-
trations within about S0 feet of mined sites but were at or
Belaw background (evels in wells more than 1,000 feer down-
gradient of mined sites. Concentrations ol sulfate, hardness, and
total dissolved solids were greatesi at well depths of 50 10
150 feet but generally were less than background concentra-
lions inwells deeper than 150 feet. Concentrations of iron, tan-
ganese, and aluminum exceeded background concentrations in
many wells less than 150 feet decp.

In mined areas, median groundwater ages are nearly ag
old in hill locations as in valley locations. Older ground-water
age rorrelates with increased distance from mined areas. The
lack of significant comelation among mine-drainage-constin-

ant concentrations, ground-water age, disiance from mined
areas, and wpographic locations may be the resolt of factors
such as [ 1) mizing of ground-water ages in wells open to frac-
Tuwres with variable depihs, lenpihs, and interéomnestions;

(2} disturbance of rock from blagting; and {3) variations in slope
and lerrain relief in the shudy area.

Introduction

The overall goal of the LS. Geolegical Survey {LU5GS)
Mational Water-Cuality Assessment (MAWCRA) Program i3 (o
deseribe the states and wends in the quality of the ground-water
and swface-water meourees of the Lnited Siates and o link
these trends (o an understanding of the natiral and human fac-
tors that affect the qualiry of these resources (Gillicm and oth-
z1s, 1995}, The NAWQA Program integrates water-guality
information on both a national and a local scele. Major compo-
nents of the ground-water portian of the progoum are 1o
1] aszess the quality of ground water in major ground-water
regions throughout the Uniled States and 2) determine the fac-
1075 that affect the quality of water in these aquifer systems,
This gaal 1% achieved primanly by conducting surveys to assess
the oeurrehce and distribution of walet-guality ¢onstifucnts
within an aquifer and to link da collecied a5 part of the surveys
¢o the natural and human factors that affect the quality of water
within the aquifer, A study of ground-water quality near surface
caal mines provides data on the effects of mines on ground-
water quality,

Sulfur, iron, and manganese are someationes present n high
Tevels iny cowl, coal overburden, and rock that underlies the cosal
{Brady, 1998). Coal-mine deainage cen be acidic or alkaline.
Oxidation of iron-disulfide minetals, such as pyrite {FeS5),
occowrs when the coazl and overburden are exposed to oxygen
and moisture, resulting in increased levels of sulfuric acid, iron,
manganese, and aluminm in ground water, Pyrite oxidation is
the principal meéchanism for the formetion of acidic mine drain-
age {AMD, in which aoidity excerds alicalinity. Meutral or
alkaling ming drainage has alkabinity thet cquals or exceeds
acidity but can still have elevaied concentrations of sulfate,
iror, and manganess. Bacause sullate is conservative in chemi-
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cul renctions and not nnrmally torgeted tor removal by trent-
mend, it is gederally cxpoeled 1o peesevere in mincd areas (Rose
and Cravetts, 1998),

Suefiacd voal mines {surface manes} bave bad major eflects
on the quality of shallow ground water, especially with respect
ta sron, mangonese, sulfate, and tarbidity levels {Rauch, 1987,
Williarns and MeElroy, 1995). The cflects of blasting during
surfaqe mining alse eon have negative effects on ground-water
supplies by cuusing turbidily levels in wells 1o increase nnd hy
causding a logy of water w wells and springs (MeCurry and
Rauch, [946), Qther problems eommonly reported as a resuls of
surfuce mining inchude changes in ground-water quality due to
inereased levels ol methane and (o) hydrogen sultide gas.
These problems are significned because the vast majority of
rural hemewrwners in the study area obiain their water from
ground-water sources. 1n some inslanecd, the oflects of mining
an ground water have coused rural homeowners to abandon
their wells or springs, to purchase boitled water, or to haul water
fram other lecalions,

In 1977, Congress passed the Surfave Mining Comral anid
Reclamation Act (SMCRA). Some provisions of SMCRA
include (1) regrading henches formed duning the mining pro-
voss o appraxirate of gl contour of the Land priot W mining,
{2} installing sedsmention pengds prier io and during mining to
reduce sediment losds 1o receiving streams; {3) revegetuting
reclaimed strip benches upon completion of g, (4) stabi-
lizng and protecting, surinced-mingd argns inclyding spoil pites
1o control erusion and reduce the patential for surface and
ground-water contanunation; and {3) managing debng, o o1
acid-ferming maigriels hy burying, compagting, or disposing of
the material in such o manner so a5 to prevent grounds or surs
fucc-watet commamination (U5, OfMce of Surface Mg Koe-
lnmntion angd Fnforgement, 19493}, In comcgpl, changes in min-
ing practice as o rexult of SMURA should result inoan
inprovement in surface- and ground-water quality.

In the Penneylvama Code, Title 253, Subscclion 87.102,
regulations reguire manitening of serfacs-mine sites during
mining and, in some cases, afler reclamation, The monitering is
normnally tocused on mnne-deamage discharges o seeans o
springs, Regulations for mine drainogs from surfdee mings in
Pennsylvania ure complex and exact limitations vary based on
weather conditions (“dey™ weather compared 1o 14-year, 24-
hour precipitation events a5 listed in the Fennayivania Code)
and time perind nver which the limitatinns apply { 30-day aver-
npe, daily muximum, or inslanlaneous maximum) (Commuone
wuealth of Peansylvania, 2004). However, the imost sitingent
titnitation is that inder "dry” weather conditions, the 3oy
nverage effluent concentrations cannot excerd 3.0 mp/L {or
total iron, 2.0 mp/L for iotal inanganese, and 35 ing/L for sus-
pended solids, pH mgst be in the renge of 6.0 10 2.0, and alke-
timity must be greater than acidity.

In the Pennsylvania Code, Title 25, Subsection 87.116,
regulations also state thal ground-water quality, levels, inliltra-
tiua ratcs, subsurface flowy, and storage charactetistics ane wbc
tneniiored in 8 mnpnet approved by the Pennsylvania Depart-
megnt of Environmental Protection (PalIEP) to determine effects

of surfnge-mining activities on the guality and quantity of
ground water, as well os on regharge capacity on reclaimed
lasd, in the permutted wining area atd adjacent arcas {(Come
mehwenlih of Pennsylvania, 2004), The adjacent sreas that are
monitored usunlly are decided on o cioxe-by-case busis, Several
conshiluenls are W Be monilored for changes and must include
specifig candwetancs or totnl dissolved solids, pH, alkaluuty,
ncidity, total iron, tota] mangnnese, sulfaie, and waler levels,
but exact lnmtalivns for the consliluenls sre ool given in the
regulations {Commonwealth of Pennsylvania, 2004), The limi-
tmions wanld have 10 he ut least as siringent a5 the LS. Envi-
rutirnental Protection Agency (USEPA) drinkingrwuler stans
dwrds (U5 Environmental Pretection Agency, 2004} 1 the
af¥ected aquifer or stream or spring were @ soyrge for g public
water supply. However, In most cades, residents near surface
mines use o well or spring for private domestic supply and these
ate oot regulated.

Withu the Siatc of West Vieginia, discharge of mine-
related coninminants ix governed by separare sctd of regula-
tions, For effluent discharged directly from paipes and other
pofit sources, such as those commondy found draming tailings
or irestment ponds, effluent concentrations are regulared by
antidegradation standards established us part of recently
enacied legislation {Wesl Virginia Code 22-11-Tb, T'nile & -
Senes 5, Antidegradation !'mplementation Procedures, estab-
lished in 2001 [West Virginia Depariment of Enviconmental
Protection, 200213 Prior in-stream water-quality standusrds also
apply und nre designed to protect human health and pnimals,
bizds, Tigh, snd other squatic eoganizms and plant like, In-siceam
water-quality standards apply moie 1w nohpoint seutcees of eon-
fumination and are poverned by West Virginin Code 22-11-2,
Titls 46 - Bonies L, Requirements Cioveming Water-Ouality
Standards (West Virginia Environmenial Quality Board, 2(03),
The water-quality standards and the antidegrodation stinderds
vary depending oo (1) drosage basin (strean} location and
sinte-designated level of protection, and (2% conditions of
wuather, type of surfuce-water bady, and time period over
which standards apply, In gencral, the West Virginia in-slream
stundard far pH is similar to Pennsylvania imest be in 6.0 to 9.4
range), the iron maximum is 1.5 mg/l_, and the manganese max-
ununl s 1.0 /L. For ground-water gualiy in mininyg weas, o
plan to toaitor changes to geound-water baseline qualny 1
required during mining operalions pnd these regulations are
descnbud in the West Virginia Qode 22:1.3, Title 38 « Series 3
(West Yirgmia Drepartinem of Envirotitnental Protection,
m0n).

Althuugh the regulations slate that conlaminition of
pround-water quality ix to be prevented, few studics (Rose snd
Cravattn, [99%; Willinms and McFlroy, 1995, McElroy, 1988,
I'mel und others, 1967, ore exumples) have examined whether
peound water has beeh alovied by surlsce coal minimyg dear sur-
fage mining sites that have been reclaimned, Specifienlly, it hus
not heen previously determined whether constiuents tha e
indicative of mine drwnage are present ul cuncentrations yreater
ihan those for wround-water qualiny obucrved 1 wunined arcos
of the bituminous conl mining region of Pennsylvenin and west



Viginin. Roxe and Cravotin (1998) showed that in wnmined
uenk, spring wuter nnid ground water typically were slightly
aeidic und contained much lower concentrations of dissolviel
solutes than watce frerm maned arcas, In mined arcag, ground
water ranged from alkaline to acidic and imcluded elevated con-
centrations of salfate, iron, manganese, and aluminum. In a
study of water respurces of Indipna Cognky, Pr. (Willinms nndg
MrcElroy, 1995), ground water from the heavily mined gentogic
#irata had higher median concentrativns of iron, mangsnese,
hurdiess, and wial disgelved solids compared to tha from the
sparsely mined genlogic stratn, MeFIroy (19488), in a study of
the ground-weter resources of Fryette County, Pa,, reported that
wrlls near mining wrens had statistically higher concenteations
ol sulfate, magnesiom, and wotal dissolved solids than wells that
did not peteteate a coal scarm and that wees more tan 0.25 mi
frem mining sites. Friel and othera (1967, p, 108) indicated that
in the Monongnheln Basin of West Virginia, median sulface
concentriations were greater in ground water trom coal-bearing
agwiers of Feonsylvanan age than from those aguifers that
were 1h on-voal-besd ing strata of Mississippran age. Growd
water circulating through mined preas hid increised acidity,
total dissolved solids, and hardngss, and ofien had disselved
metals carried in solulion.

Purpose and Scope

This report pummarizes ingor findinge ot 8 8tudy of
pround-water quality in surface coal-mising land-use aceas,
This study wias conducigd by the Kanwwha-Mew River (KANA)
NAWOA Program in the gentra] Appulachian coal repion of
sunthom West Virginia (referred 10 a3 the low-sultur coal
repivn) and by e Alleghony-Monongahola River [ALMM)
HNAWOA Program in the nonhern Appalachian coal region in
northern West Virginia, western Maryland, and sonthwestern
Pennsylvonia (referred to ns the high-sulfur conl region (fig. 1).
The primary objective of the study was 10 compare and contrast
ground-watet quality from domestic-supply wells near
reclaimed surface mines with water quality froum equivalent
wells in unmined arens, The report summorizes the (1) quality
of gronngd water from unmined argas, (2) quality of water from
pyuilers immediately downgradient of recinimed surfice coal
mines, (3} ditfirenca in guality of ground water from ouned snd
unmincd regions, (4] spaual cxtont of ninc-deainage constitu-
ety it ground water from wells near recloimed surface coal
mines, (5) difference in guality of ground water befween the
high-suifur nned low-sulfur conl regions (in mined npnd unmined
nreqs ), und (6] difference in apparent uge of ground waler from
mined and unmined areas and relabion between apparent age
anvdd water gquality i mined areas, The larget populsion Jor sies
ter b sampled as part of thid study was private wells (oss than
about 25¢ A deep) downgradient (within about 2,80 /) of sue-
face mines that had besn reclaimed (bongd released) during
19851995, In 1997 to 199K, 58 such wells were samplad as part
ot thix study, incloding 30 in the high-sultur coal region and 28
in the lows=sultur coal region, [n 1996 o 1998, 25 additional
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wells in wemined araas were smnpled for comparison. All data
used in this sudyvers.callected ns part of the NAWOA Fro-
sram. Dutn from previcus stugdies were not used.

Description of the Study Area

Thix investigation considers ground-waler resources in
twor adpolniby drainage Basins (g, 1) of the Appalzchian Fla-
tenus Physiographic Proviace in New York, Pennsylvanm,
Marylnnd, West Virginia, Virginia, and Marth Carolina. The
Appaluchian Platenus study nrea consists of mgged. deeply
mcrsed hilly termin with uplifted plateaus cappedd by resisiant
layees of relanvely at-lyiang sandstose and shale {Fenneman,
19%8; Fennensan and Johnsan, | %46, U5 Gealogical Survey,
16700). Genlngic nomenciature wsed in this report is that of the
Fennsylvania Topographic and Grolegic Survey and the West
Vitgua Geclopival atd Evonomic Survey. The study area i
underlain by genly dipping, relatively fat lving, slightly folded
sundstone, siltstone, shale, limestone, ang canl of Devonian,
Mississippian, Fennsylvunian, und Permizn ages (fig. 11
Approsunately B0 muineable coal seams are i the study arca
[ Keystone Coal Industry Manual, 1994]). The drainage basin in
the narthern part of the study area is the 8,778-mi® Allegheny-
Monongahela River Basin in northerm West Virginia, westem
Potnsylyirna, and westeets Maryland, The basin is within the
“northem Appalachisn goal region” or the “high-sulfur coal
reginn.” Many researchers {Cecil and qihers, 1983, Donaldson
and others, 1985; Maksimovic ond Mowrey, 1993; Tully,
18964, 1996b) have found that the biturmiioas coal, vverburden
rack, and underlying rock in much of the northern Appalacian
coal region of western Peansylvenin and northem West Vir-
ginis generally has a high sulfur content. Cecil and olhers
{ 198%) mdivales that the high-sullur cosls aze the group of coals
with o median sulfur conteni greater than 1.0 percent i the
nerthern Appalachisn conl region. Tully (1996a) charasterizes
the sullur content ax greatar than 1.5 percent. The dramage
Basin i 1ho suuthern part of the sludy area is the 4,395.mit
Kanawha-Mew Kiver Bagia of southern West Virgaua, Most off
the santhern hasin is within the "central Appalachinn coal
region' ar the “low.sylfur conl region.” Cecil and othera (1985
indicate that the low-sulfur couls are the group of coals with
iedien sullur content of less than 1.0 percent in the central
Appalachian coal egion. Tully (| 920a) chardcietizes the sulfur
content as less than |5 percent, Seme of the northw.estern
Kunowhna-New River dramage basin is within the high-sultar
voul region. In West Virginia, the high=sulfur and low-sul fur
coal regions commonly are roferred w ax the northem and
gouthern coal fields, teapeetively,

The ditterences in coal (and adincent rock} sulfur content
are due to depositional environments. The ofder racks received
more paleo-rantall and palea-recharge and thus the sulfor cons
tent wis diluted compared 1o the younger rocks lormed in o
drier paleoclimate with higher ash, nutrient, and digsolved sol-
ifls content thot pombine (o result in higher sulfir content (Ceeil
and others, 1985}, The younger rocks were deposited in maring
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othors, 1084).)



enviranments that had higher contents of sulfue and coleium
carbudate. In cuntrast, the older rocks forrned inareuas thut were
marginally brackish, and 5o had lower comcet of sulfur and ¢al-
cium carbennts, However, within mast of the rocks of bath
nges, there are formations that reprexent marine, hrackish, and
mungnully brackish palecaenyironments and each of these hus
high and low sulfar cottents,

Cecil and others (1985} hnve indicnted thit the dividing
line between the high-sultur cosl region aml the kewasulfur coul
region lics peneradly along the contact between the youbger
Pennsylvaniar-aged Tocks of the Allegheny, Conemaugh, and
Monongehela Oroups snid the older Pennsylvanian-eged rocks
ut'the Puttsville Group {Kanawha, Hew Biver, snd Pocahontus
Formalions of West Virginia} in southern West Virgina
(tig, I} The dyviding ling between the high-sulfur conl region
und the lvw-sulfir coul cegion communly is referned o s the
“hange line." The “hinge line™ 14 the same a3 the divide between
the nerthern and ceniral Appalachinn coal basing shown in tig-
ure |

Average annual precipitation 13 about 42 in. for the central
nn¢! nopthern Appalachian conl repions, although it is digtrib-
uird unevenly with respect to topography anil climntological
reglons (National Oceasic and Atinosphicric Administration,
19970, 1997b), Areps at higher elevations typically receive
higher average amounts of precipitation thun nrens nt lower gle-
valions. Surtuce water is the principal source of water nsed in
the region, acecunting for W2 percent {2,540 Mgal/d) of all
freshwater withdrawals (Pennsylvania nnd West Virginia
Depariments of Frvirenmental Protection, written commun.,
2000, CGiround watce aceounts for only B poeoent (193 Mgal/d)
of freshawater withdrowals, Howewer, |2 pareent of all watar
used for public water supply (51.% Mpnlid) and 93.R percent of’
seli-supplied waier uxed by rural homeowners (45,1 Myul/d) ix
obtpined fiem ground water, Land cover For the tinng area is
domingted by forested. agricultural, and rural residential usey
({1L5. {ieologicul Survey, 1952},

Geohydrologic Framework and Ground-Water Flow

The generalized hydrogealogic immework of the sudy
arca i3 baved on eegiomal opography, stratigraphy, and struc-
ure, with upland plateaus formed by resistent clasue rocks and
valleys developed in zones of structural wepkness, Structurally,
the rocks in the Appelachian 'leteaus study area are nearly tlut
te pently Foldied and cormmonly fractured, Fennsy lvanisn-uge
clastic rocks ferm the predomiaant outcropping units in the
wplends and valley walls of southem end ceniml West Virginia
(Cardwell and others, 1968). Pennsylvenian and Permian stroti-
graphie units consist of sandsone, conglomernte, silixlone,
shale, and coal, with Inced beds of imestone and dolomne.
Where these hedrock units are not exposed et land surface, they
commanly ure averlnin by n relatively thin layer ot regalith or
wlluvium and, o northweskern Fennsylvania, by arcally
resttivied, unconsolkdted deposits of glacial eogm {Berg and
others, 1980},

Introduclion §

Ground-water flow paths are relatively short and limited to
lww principal types uf uguifer systems: (1) uneansolidnted alln-
vial ayuilcrs mude up of sand, silt, clay, end gruvel; and {2) frac.
tured-bedrock aquifers made up of sednnenary and curhonale
rocks (Puente, [285), Becanse they tend to be shallow and thin,
the alluvinl aguifers present within the study nrep typically arg
nol wsed ax waler supplics bul con cornbine wilh soil and
repolith wo provide shallow storage fof tecent rechurge. Frac-
tured-bedrock nquifers ore the prinvary squifers in the study
areu. Locully, regolith, where alluviom is not presgnt, is com-
mwnly thit with luw pronestility, providing Little groued-water
starage, Ground-water storage and Qow in bedrock vecurs
through joints, fraghuregs, and hedding-plang separations (Kozar
and Mathes, 2001, p. 11). Tn the study ares, secondary perme-
abilivy due wo joanting and sreds-release fracturing accounts For
mast of the porpgity and permeability in the bedrock, becmie
originnl intergranulur porosity commonly has been filled by cal-
cuun carbonute ur silica cementation {Wyrick and Borchers,
1951,

Rechurpe 10 fraciuredsbedrock syuifers in the region
aceurs primorily as raiofall; snowmelt i only an noponam
sonree of recharge in arens at elevations shaove 3,000 ft. Once
precipitution lalls an the surface, that par that does not run off
to girennys petcolates iimo and troagl shallw soils snd regolith
ang evenmyally recharges fracmred-pedrock or alluvial aquifers,

A doereass wh hydralic conductivity with depth has been
decumented by several researchers, For a tine site in Wen Vir-
gimia, averege hydrovulic conduoctivity of an aquifer decreased
ftom 107 mivee ut s depth of 150 11 to 1¢7 misec at depths
greater than 300 1t (Brubn, 19%8%5). For a gire in Gecene County,
Tu., hydraulic conguetivity decreased by an order of magnitude
per 00 1t of depth o o depth of approximately 500 fi (Stoner,
19821, According to Callaghan and others (15998), e vast
nwjority of grownd-water circulution oocurs at tnoderase depbs
of lesx than 304G ft.

In the Appalechian Plateavs, local fractured-bedrock agui-
fers genernlly of less than 5.0 mi® in aren are defined hy topo-
gruphiv valleys und boundary ridges. Each small valley may
comain & Jocally distimet aquifer o wineh ground water dis-
charges to o nearby stream of (0 deeper subregional of repional
oquifers. The ridpes surmounding the vnlley defing the iateral
boundanes of the local aquifer and its principal rechirge nren,
Subregional agquifees (generlly lrom 100 o 500 It below land
surface) aocur ot interinsdinte deprhs between the shalkow loval
nimiter (less then 100§ Below land surface} and decper
regivnal uguifers, Sobregional aguiters ure larger than local
aguifers and may include several snaller local aquiiers. Dis
charge of ground water from subregional aguifcrs i3 prunarily
t0 teibutpry strepms with drainage preas typically tnuch Larger
thun 5.0 miZ. A small companent of recharge to these squifers
is fton decpet regional aguifers. These intecmediste wgiters
can extend bencath local wopographic divides and discharge 1o
regionn] aguifers, Depth ta saline water (brines) hag been used
to infer the depth of regionul aquifers (Cnlleghan and others,
199%). [n Lle sludy area, the depth 1o brackish waler ronges from
O Iaximun in execds of 2,000 f near the southem part af the
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Surfuce coal mines cun e reclaimed Lo mimic the original con-
tours ol the lund surfuce belore mining (surface contounsurface
nunes). Growod-wates fow in and thtough reelamed contour-
surface mings dependy on many factors including the dip of
bedrock at n mine, the composition nnd permeatility of material
within spoil, the ape of spoil, anid engineering controls such as
dinchics, wmaces, sediment retediion basiog, ponds, and 1lumes
or chutes, Each reclaimed surface mite haa its own local
ground- and surtace-wnater flow system, There nee, however,
pspects common o moast reclaimed contour-surfnce mines
{Huwkiny, 19984, |998b).

Tynically, grownd water will pacl at the hase of 1he sur-
fucesmine bench. Recharge tu the ground water sl n mine can
originate a% surface drainuge through spoil and unmined ureas
upgtadicnt of e backfilled contour Bernch ( Hawkins, 199%a).
iIf'the conl senm dips away from the highwall, there may be lile
witer stared within the spoil hronuse ground water will freely
flow down-dip through spuil. Where o coal seam dips owards
a highwall, however, ground water commonly will avcunulate
and flow [nterally along the base of the highwall gafil cicrging
ter the surface nx springs or seeps. Witer emerging in seens and
springs may be cuiveyed sway from a recluimed conlourssurs
fuce nune by ditches of draing to a ncarby mibutary stecam and
may be lost ns a poleniial soures of recharge. Mine spoil typi-
cally exhibits dunt porasity, especinlly when more than ang type
of bedrock mukes up the spuil {for exumple, sandstone, which
usudlly cotsists of coarse-prained deposiv such a4 sand, gravel,
and boulders, and shale, which typically consists of fine-
grained deposits within the spoily. Even where anly one Lype of
bedrock (fur exumple, ssndstune} is presenl within the spwil,
differcntial settling of coarscr-grained deposita (boulders and
cobbles) is typigal at the base of n enst spoil pile with finer-
greined deposits {sund, dust, and gravel) near the surfrce during
the bucktilling process. Ground-waler flow within the spail i
theic fore highiy variable because of mtcrperscd Nine- awd
coarsc-grained deposits within the backfill.

Methads

Although r eomparizon of ground-water quality in mined
nress Ot mingd strata to spamely mined arens or stratn hos been
siudicd by viher researchers oy previously mentionedd, this study
volfected data 10 oxamine ground-water guulity in unmincd
ureas and aras downgradient of anly 1eclpimed surface coal
mines. During June 1997-5eptember 1998, ground water wos
sampled from 5K wells downgrudient from recluimer] surfage
mincs. In the low=sulfur coad region, 28 wells were sampled,
ansd i the hagh-sullur cval reguon, 30 wells were sampled
(fig. 3. The wells sampled {Ward and others, 1994, [94949; Call
nng Siwicki, 1907, 1900) pre considerdd to be in the low-sulfur
coal region ifthey are within the outcrap oren afthe Pocahontps,
Kanuwha, ur New River Formation. All others are in the highs
sulfur coul region. All wells werc sampled using pacts per bil-
lion, clean-hands protocols developed by the USGS MAWOA
Progriom {Koterbn end athera, 19%3), The downgradient wells
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were genseally within ehout 2,000 ft fram reclaimed surface
mines, which were generlly contour strip mines whase hongds
had been released during 19385 to 19896, The 2- 10 12-year bond-
release criveria were selected becatge 2 vears genctally is con-
sidered 10 be the minimum time required for grovnd water to
refum o sleadyssiate equilibrium afier the reclimution process
has been complewd and 1985 was considered 1o be the yeur
when provisions of SMCEA were fully implemented within the
stuily aren. Two of the downgrudient wells were further then
2,000 1t from & mine. Shallow wells, genenally less thun 250 t
in depih, were also aclected for sumpling. In concept, the shale
law, private, domestic supply wells will be niere ropresentanve
than the deeper wells in 1erms of intercepting recharge infiltrat-
teig feom upgradicnt lund sortace, thus reflocting effects af the
targeted land use (surface mining) on ground-watcr quality.

A few wells were deaper than 250 ft. To identify position reln-
tive to mines, the principa] direction of ground-water low i5
assurnied o coheide with the wwpographic gradient.

Punng July 199 through Septenaber 1998, ground water
nlso was sumpled trom 25 wells in nrens that hnd not hegn
nunied, to sceve 83 ceference sites 10 the wells sampled near
mings. Detennination of a lack of coal mining for the wells in
the unmined nrens was made by sxaminntsan of land-use geo-
gruphic intormation syslem (LH5) coverages and by conducting
well-owner intervicws. 1n addition, a search was conduutid for
mining permit regardy near and pgeadient of wells selected for
sumpling. The wells in unmined areas are in flow systems in
fracturcd rock that are sutsilar w the welld sumigled dear mnes,
Twenty of the wells sampled in unmined areas are an the hagh-
sulfur coal region and 5 wells are in the low-sufur coal region,
Of the 25 relerence sites sampled, 10 were within the Kanawha-
Mew River Basin and 13 were in the Allegheny-Mononguhely
River Basin, Hergafier, the term "unmined"’ will be used inatead
i “reference.”

The witet smbples from wells were anulyired for a broad
ringe of constituents, Mine-draimage-relaied constifuents
included sultute, pE, slkalinity, ucidity, iron, manganese, alu-
mimure, hardiess, caleium, magnesium, spreilic conduclance,
total dissolved solids, and wrbidity. Other consutuems col-
lzcted included physical fizld measurements ({emperature and
dissalved axygen), ather common ions {ealeium, mognesium,
sodium, and chloride], uther trace melals, nuicents, dissolved
ofpanic carbon (DOC), dissolved gases, chlorolluorocarbons
{CFCs), and radon, Calcium and magnesium are included with
mine-drainage constituents in this report becouss the levels
cormmenly ure elevaled because ot slkuline treaiment wt mine
sites. Bactera sainples woere eollecied from the 28 wells sum-
pled in the low-sulfur coal region but were not collected thom
the 30 wells sumpled in the high-sulfur conl region. The wells
sampled in the high-sulfur coul regrm were sampled for
e lectid volatile organis compounds (¥ OC3) but wells sumpled
in the low-sulfur coal region were not because VOCs were no
normully examined in mining-apreg smdiey in southem West
Virgioia. All sumples, excepl C1TCs and field mensuremenis,
were analyznd al the USUS National Water Cuality Luboratory
(MWL), Besults of all [aboratory analyses are published in
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Ward und others (1998, 1999} and Clallund Siwicki (1997,
1999, References for methods for the analyses pertormed by
the WWOL cai be found in the aforementioned eeports a3 well
s in publications by researchera at the NWOL (U 5. Geelogical
Survey, 2005). Wethods for field mensurements are described
i the USLEE Notional Ficld Munual for the {Callection of Water
Cluality Data (U.5. Geological Survey, variously dated).

The acadity dute in thiz fepor arc calvulated using the
mujar cempaaents of asidity (pll and iron, monganese, and alu-
minum congentrations) in the method deserived in Rose and
Cravoita {199%). Rose and Cravotta (1998 und Hedio and oth-
&rg {1994) have shown that caleulaicd and mcastured oeeditics
are camparahle, 1ledin nnd others (19043 foundd differences of
less than L0 percent in measured snd caleulated aciditics of
mmc-draimage samples whcee pil valucs were between 3.0 and
4.0, In alkaline samples, enleulated acidity may exeeed mea-
sured agidiry becugse i the sample pH ineréases, iron and othet
metul ions torm hydroxide complexes that have less capacity
than the uncmnpleaed ions W eonsume bases (so there 15 less
acidity contribwlion),

Ground-water age data mpy be used w (1) estiinate avet-
age grovnd-water flow velacity, (2) determing relntive growngd-
witer flow directions, (3} betler uniderstandd the ground.witer
flow processes withu an aguufee, {4 asseas when o 11 pase asd
present land-use activities may nffect an aguifer, and
(3) develop steategies for protecting valuable ground-water res-
CIVRATE,

Estimates of ground-water age referred 10 withio this
repont were deterinined by cellecting ground-water samples and
analyzing them for CFCs using analyticnl and interpretive
methods af Busenburg and Plummer {1991, 1392) and Sraho
anyd vthers (1996). CFCx arc stable synthclic organic com-
peunds that were fiest manufactered in the (9305, CPCs, alwo
known ps Freans, are detectable at very low congententions (ane
rart in 10" by weight vr | pg/L io waier) eod are commmonly
used o5 ground-water travers (Busenburg and Plunmner, 19%91).
Concenirations of CFCs in ground water depend on theit ptmo-
spheric partial pressures nnd the equilibium temperature
{recharge tomperuture) of tie water ot the base of the unsotur-
ated zone during vecharge (Busenburg and Plummer, 1992),
Coneentrations of CIC-11, CFC-12, and CFC-113 in the atpio-
spherc have steadily increased since their development in the
1930s. Curves of atmeosphenc concentrations of CFC-11 and
CFC-12 were reeonstructed on the busis of produciion records
(Chemicnl Manuwfackurer's Associntion, 1290) and rates of
relense oy the atmosphere (MeCanhy snd others, 1977; Goamlen
and others, 1986). Similar technigues were usced W reconstruct
atiosphieric concemranion curves for CFC-113 (Szabo and oth-
ery, 1996 Assuming thst CFC conesnirations in recharge are
praportional to simosphenc concentrations at o particulur time
and lecation, apparent ground-water age cun be esliniated t
within 2 years from these curves by knoweng the coneentration
of CFCr and the temperature of rechargad water,

The eatitnation of appitent ground-warss age with respect
to mined nnd unmined freas and with respect to the high-sulfur
northern and low-sulfur central coal regions is hased on the

wssumption of piston flow. 1n p simple piston-flow syetem,
waler enters ihe sguiter in an upland area and flows downgmdi-
it 40 a discharpe area with litle or ne mixiog wih water from
arcas other than the uplaid rechargs orea,

Lhwaliny -ussuranee (QA) samples were collected in adudi-
tian to the envireunental samples. Blanke wete collected 10
essurs that sampling procedwras were nat mtraduging bins into
the dalw, und replicate and spiked sumples were collecied to ver-
ify that laboratory meagureinents were acceplable. Blank sun-
ples generally did not reveal problems with sampling proce-
dures except for low levels of a tew constitugnts (1able ).
Anulyses of replicates und fickl spike dula did not indicate
potential problenis in analyticnl deternninationy at the lobora-
tory.

[ron, aleminum, zing, animania, and DOC were derected
in severn] blank samples ut concentrations greater thin 1he min-
wnjum reporting limits ol 3 pg/L, 1 pg/l, | pgdl., 0015 mgd.,
and 0. 10 mg/L, respectuvely. Nevenheless, most detectons ol
iran, zine, and ammenia concenirations in the well snimples
wrre at concenlrations greater than the level ol contamination
detected in the quality-assuranee fickl blanks and thus sre con-
siderad ta represent valid deta, However, concentrations of alu-
minum helow 4.8 pg/l. may have heen affected by sampling or
analytical bias. In addition, concentmtions of DO less thun
16 mp/L that were reported for blanks inay afsa have been
affecied by sampling or analytical bins, Because of the high
concentration of LHC in blanks, DOC was included i iabular
sumumirics of the data but not diseussed further 1 the interpro-
tntion of weter-quality dotn, Rampling and analytical biss were
considered doring stutisticnl onnlyses of the avoilohlez dnta.

Mo VOUs analyzed m Uns study had ficld or trip blanks show-
ing concenientions preater than an estimated 0.07 ug/L, thetc-
torg, censoring of VOO dita was not warrpnted (table 1),

All insiruments used for monitoring pH, specific condue-
tunce, water iemperature, and disselved oxygen were calibrated
daily m the ficld. Review vl lug sheets for insinnnent colibrae
tion did not indieate any problenis with fizld deternmnauions of
these constiuents, Compansan of fjeld and Iuhumtqry detarmi-
naticns af pEl und specific conductance indicated close ngree-
ment Tor the wells sampled.

Conventrations of constituents sumpled were compared to
USEFA Drmiking Water Standuards, both primary sond second-
ary. Notionnl Primary Drinking Water Regulations (primary
sinndards) are legally enforgable standards that apply ta puiblic
witer supply systems (U5, Environmentul Protection Agency,
2004), Under the Federal Safc Drankitg Water Ac, a Maximun
Contaminant Level (MCL}—the maximum allkowatde conecn-
tration i set for inorganie pnd argenic cantaminants 1het ean
adverscly altect public hezlib, For companson purposes, the
water yuuliny of private domeste wells near mnted and warmined
wites evaluated for this study wis examined in relation to these
standards. Mational Secondary Drrinkijng Woter Regulations
{sccundary standurids) are nomenloreesble guidelines =stiah-
hehed by the USENA Tor contarbinants such as sullate, imon, sod
manEaneae that may cause water (o hawe poo v, olor, or
golar; may eense staining of plumbing fixtures; or may covse
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Ground-Water Quality in Unmined Areas
and Near Reclaimed Surface Coal Mines

Giround-warer quality generally s infiuenced by sevoral
fagtors, puch as climpte, aquiter type and lithology, gealogic
structure, topographic seiting, and Innd use, In this report, gen-
cral vumpurisons ol water quality invluding water typrs arc pre-
sented. Background concententions of constituents useful in
chargpterizang mine drminnge are pssigned and discissed.
Results vl slatistical testing to difterentiate waters from wellsin
uninined arcos and wells downgradicnt of arcaz with reclanmed
surfree cop nunes (herenfter termed "mined areps™ nre ¢xpm-
ined Jor exislence of comtamination by mine dminage. The
deptec of the comatnination compased 0 drinkitg-watce -guaal-
ity standards is discuksed, The influenee of hydregeclogic fag-
tors (spatial and temporsl extents of changes downgracient of
muaned arcas} ax well as geulogical lactors (changes s swurce
geochemistry of aguifer rocks) also are examined.

Detaided data, except for CFC data, are not available in dus
report hecause they can be found in other publications (Coll and
Siwicki, 1987, n. 18K.201; 1994, p. 125.344; Ward and athers,
1998, p. 3402-35]; 1999, 1 446-354) Data from USGE water-
qualily and ground-woter databased alae may be accessed at
weh site hitp.//waterdata. usgs. govd, Site wdentificotion pum-
berd, local identificatton name, voal sulfur conlent region, land-
use claarification {wnmined or mined), wopographic location,
distance downgradient from mine, and well depth are given in
uppéndiz 3.

Comparison of Water Quality Betwean Minad Areas
and Unminad Arsas

Suriage mining of conl eauses the distuebance of grear vol-
umes uf coal, overburden rock, and pavement rock that nnsler-
lics the coal. These disturbanecs may result in changes in
hydralogy of the areo pnd expose previously buried rocks to
axygen and waler thut muy result in changes in the guplity of
ground water beneath and downgradient from mined areas.
Comuenon effeets melude mercared econventrataons ol dissolved
sulfnte, iron, pluminwm, mangonese, and ather ions and metals
thit contribute to hardness and acidiy and incrensed suspeneed
solids and lurbidity {Ruse and Cravolia, 1998),

Datn collectad for this study are summuanizad in termns of
ther two must general data groups, ground water from wells in
aiiiisined and tited areas. However, to svaluate the data in a
regionnl sense, the wells in vnmined ond mined growns were
further suhdivided into lows-sulfur eoal region and high=sulfur
coul-region categories. This way done because charseleriitics uf
the coal-bearing rocks that form the aquifers, and thus affect
pround-water qualily, have begn shown to have signifieantly
difterent churscteristics in previous research {€ecil and others,
1983, Donaldson and othors, 1983, Maksunovic and Mowrey,
1993; Tully, 1996b), Wells in the northern appatachian coal
region of western Pennsylvanie and northern West Virginia are

assagned to the high-gullyy coal-teguon category. Wells in the
central Appulachéan corl region that includes routhern West
Yirginiu are assigned 1o dhe low-sulfur coalsregion cutegory.
Crvil and Gthers { 1985) have indicatad that tie dividing line
between the high-sulfur coal region and 1he low-suliur coal
region lies generplly alang the contict bebween the vounger
Penusylvunian-aged rocks of the Allegheny, Conemaugh, and
Monotigahels Creoups and the older Peonay [vaman-aged rocks
of the Pottsville Group (Kanawha, deew River, and Pacahontas
Formalions of West Virginia) in southern West Virginio

(g 1}

Sumnwry statistica describing ground-water chemisiry for
the unmined pnd the mined groups, inclyding the minimun,
muximum, medisn, und mean values for all constituents dis-
cuared in this report, acc showin in table 2. °'I'he water-quality
stangards that will be compared te the concerdrations in ground-
witer sumples laler in this section are bisted in 1uble 2.

Vanattons of Water (Quality Related tu Regional
Differences in Coal Sutfur Content

The regronal diffeeencos i maor-1on composition of
grovnd water in unmined and nmined arens ars illustrated using
Piper diagrams (tig. 3}, The principul composition of the
grosnid water in upmined areas ofthe hgl-sulfur and lewesultur
ereal regions is calcivm-magnesinm carbonare-bicarbonate iype
(69 pereent of sumplesh. The principal composition of ground
water from mincd arcas i the high-sulfur and low-suliur coal
regions ranges from calcanm-magnesiwm carbonate-bicarbuon-
sle type (52 pergent nf samples) to cnlgivm-magnasinm sulfnte
1ypro (36 percenl vl samples).

The iperensed prevalence of sulfare-Type water i nued
areqs indicuted that sulfate and ather constituents would acour
sl different coneentrations in mined sreas compared to unmined
arcas, Box plote of several constatuetes {gulfste, won, radon, pli,
hardness, ealoin, and specific conductance) are shown for
high=xulfur versus low-sulfur cool regions in figure 4. Multiple
stage Krusknl-Wallis tests (1clsel and Hirsch, 1992, p. 155
163, 200-207) on the four data subsets—-oined ugh-suliar,
mined low-sulfur, unmined kigh-sulfur, and ynnined low-sul-
lur—were conducled on the unbalanced ranks of the dota, with
results reported at a dignificance level of alphy = 0,025, Bignii-
ieantly different sample subset medians are denoted by different
letters {A, B) an the box plots in figure 4. A subset median
denotcd AB m figure 4 15 statishcally the same us Lthe median for
code A and code B populaticns,

Forunmined areas, thers are no statatically significant dif-
{erances hetween median concentrations of most mining-
related constituents when highssulfur sond lowssul fur regions are
compared. This generalization holds for sulfate, ron, pH, hard-
nexs, gnloivm, pod specific conductance (fig, 4),

Medinns of some constituents (specifiz conduciange, cal-
¢nun, radeon, and pEH) are greater in wells sampled in the highs
sutfar inited arcas compared to low-sultur maned areas but not
al are significantly grester, [ron and manganese (ot shown in
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CALCIUM CHLORIDE . FLUJDRIGE. HITAITE PLLUE KITSATE
PERCENT

Figurs 3. Mfapor-ion compasiten of growend wates (A downgradient of reclkaimed surac e coal mines in1he
hiph-sulfur caal regean, (BYin unamined araasin the high-sulfur coal ragion, |Cl downgradient of
raclaimed surface coal mings in the low-sultur coal regeon, and 0] in unmdned areas inthe low-sulfur
coal regiam.



H  Emusd-Wates Quality in Unminpd Aoy aod Near Reclamned Serface Ceal Miaes., Pesasyhessta anid Yiest Yinginia

CHUCHRICE, FLLIMIAKE. RHTRITE PLUS NITRATE
PEACENRT

Figure 3. Major-ion compositian of ground water [Apdawngradiont of raclaimad surfac e coal mines in the
hagh-sulfur cral regien, {B) in unmings areas in the high-suliur coal region, [C) downgradiant, of
reclaimed surfaca coal mines in the low-sulur coal reqion, and (00 in enrman ad dreas in the kee-sulfur
caal regen.—Candneed
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figure 4} concentrntions are not significantly different hetwesn
high-sulfar and Tow -sulivr mined areas. Median concentrations
of sulfate, havdness, specific conductanes, and calviuin are sig-
nifieantly grenter for mined preas in the high-sulfur coal region
compareg 1o mingd nreas in the low-sulfur coal pegion, and 1o
any unmined lucation. Rudon and pl[are significantly greater in
the high-sulfur coal regien for mined antas comparcd to imned
arzas in the low-sulfur gonl region, The radon and pH in ooy
unmined area was not difterent from mined areas in the high-
sulfur cowl tegion. Iren and vthet minc-drainage constiluents
shawed no sighificant difference related (o conl-sulfur fegion,

Curivusly, aeidity is nut signiticuntly grenter in any one
regien ot nnming conditlon, This may suggest that reclamaticon
praclices are effectively reducing acid concentration. Colcace-
ous miteripls used os nmendments 1o mine spoil gnd high-wall
fill ure likely helping to reduce scid through oeutcalization rewce
liony that inceresae the saleum and mognesivmn levels, Maoy
MmO mining eperations also now employ special handling
methods tor highly pyritic materials, thus further reduging
reloase of send inwo the ground watee. Calcarcous minerals are
also more abundant in general in roeks of the high-sulfur area.

To summarize, there are some significant diflerences in
mmec-deamage contamwant levels betweeon high-sulfur and
low-sulfur regions but the greatest differences are berwesn
mined high=sulfur region vites and oll other sites hecause the
combmation of svurce geochemival factors and mining distur-
bance are maximized. Iron levels are also increased in mined
wrens regiurdless of coul-sulfur content. Because of the subtle
ilifferences in groundswater guality when evaluated by cosl-suls
Tur eegren, hercafter, the Focus will be on comparing the resule
trom wnmined areas with resulis frem mingd arens regardless of
coalssulfur content.

Background Water Qualty m Unmined Areas

Tar ientify water aflected by mine dntinage in general and
t Jater exbirmste the catent o Jateral and verlical migranon off
waters ofiginating from reclaimed surface iines, a background
cengentration representing unaffected waters wos determingd
for selecled mine-drainage constituenls  sullute, iron, mangn-
nese, aluminum, rioc, hardoess, aod wotal digsolved solids that
penetal Iy are expecicd 10 be incrensed in thined arcas (Rose and
Cravotta, 1998), Alkalinity, acidity and pl background coneen-
trations were niot calculated hecause thexe constituents could he
either higher or lower in miined arcas comparcd 1w unmmined
sreas depending on whether acidic inise drainage or neutral or
alkadine mime druinage eecurs (Rose and Cravotta, 1998} Data
from the wells representing aquifzes in unmined arens were
usezl. Cuncentrlions weze rasked, ad the concentmtion thot
wis exgeeded in 10 percent of the samples (the 90th petcentile
value) for ench constituent was used to represent the back-
ground concentration.

Uzing sulfate as at example, oily one sample from an
wnmingd arca had a salfate concentration greater thae 30 mg/L.,
toth the mean and medinn sulfate concentrations in grownd

water from wells representing unmingd arens are abaut

14 mg/L. lIsing the aforementioned procedure, the bockgrounid
voncentration (901h percentile value} was determined e be

26 mg/L. 'This value is low compared w those delenmmined by
other researchers. MeCurry and Rawch (1986 working in north-
em West Virginia, Brudy (19498) in Permsylvania, and river
d55 CENINoHS aoTuss Woslorn Ponnsylvania by Sams and Beer
{2000} have yielded higher background concentrations fot gul-
fate of 50, 40, and 75 mg/l,, respectively, Flm:kground COTCEN-
trationg for selected constiturnts are plotteil in subsequent illas-
trations to facilitate wWentification of voncentrations elevaled
above background levels,

Major Water Charactesstcs and Mine-Drainage
Constitusnts

{rroundd wader in mined areas spears to have water quility
distinet from untnined areas. Ground-witer chemisicy in mined
arens is characterized by elevated specific conduciatce and
talal dissolved solids associnted with mine-drainege constitu-
onts such as sulfoie, dissolved iron, dissolved manganese, dis-
solved ahaminum, asd hardness (table 2} Median plT valurs of
6.7 und 6.9 charncterize the minsd and unmined areas, respec-
tively. Alkalmities were about the same in mined and unmined
ateas. Box plots of' 10 scleeted consttuents dlusicate the tre-
quency distributions of data for mined and unmined areas
(fig. 5) Background concentrations nlso are shown in figure 5.
T determine if medians of the twe sample distributions plotted
in fipwrs 3 were sipnificantly different, Mann-Whitaey rask-
sum iests were conducted. The results of the teste e SUmim-
rized fur 30 constituents in lable 3,

Mediun concentrations of sultate, iron, manguness, atumi-
num, Zine, valvum, magoesien, bardiess, specitic conduce
tanee, turbidity, potossivm, silica, and sunobia were suyhifi-
cuntly higher in mined areas compared to unmingd arens,
whereas radon and {luoride were significantly lower in mined
arcas compared w unmined arcas. The pH 8 sighificantly lower
in mined prens compored to unmined anens (g, 3,

Trace Elements

Sixtoen teuce clomenty weluding slununum, witionony,
araghic, borium, beryllivm, cadmium, chremium, cobalt, cop-
per, lend, molyhdenum, nicks], selenium, silver, uranjum, and
zme werne determined by analysis of ground-water samples.
Results were highly censored, with many concentrations
reparted to be less than teporting lisnits of the analytical ineth-
ods. Datn for ell 14 elements are publizhed elsswhers {Coll and
Hiwicki, 1997, p. 197-149%; 1999, p. 337-340, Wurd and others,
1998, 1999} and summary shatiscs for concentruations of only 9
clemenis are presented in wble 2. Elemenis related w coal inm-
ing, such ns selenium, that bad no concentrations at of abave the
methnil reparting limit of | pg/l, ore not discussed hereafier,
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Table 3 Mann-Whitney rank-sum tast resuits comparing medion concentrations of

canztitunnts in graund watler fram walls in mined and unmined nraas.

[Fhmded celts mre mgnidcantly dificrent wih & povalue of = 0.93; mgfL, milligrams per liter; gL,

micrograma per lner, MU, nephelometric urbidity i, pUUL, pleocunies per ler, ps/oni,

MICTOMEMEN feer ceniimater]

Madian
Chamical conalituent {units) " Mined Unmined p valus
|[teinl = 58) |[totmi = 25}

Acidity (gl 1.46 1,74 0104
Alkalinity (mg/L} 117 114 il
Aluminum (ug/l) 175 il 0234
Aunaonia (mg/L) 141 A78 043
Barium {pgL) 112 1hl il
Colcium (mg/L}) 355 1] 0207
Chignde {tnp/L) w1 1.3 A
Chromium {pgL) 1.4 1.4 ATH
Coball {(ug/L) l =] 098
Copper (uw/l) <1 =1 Sl
Drissolved prganic carban (mg/L) B 5 03
Dissolvcd oxygen 4 2 1]
Fluerida (ma/L) 14 2 0448
Hardnesa (mg/L) 134 0 A2
Irun (ug/L} 240 a0 0031
Magnegium {rigfl.) 9 44 0026
Manganese (ug/L) 215 94 ]
Net alkalinity (my/T) 11 113 .TES
Hakal {pfl.} 13 <l Jd4b
Hiirate phas nitrite (mg/l. ns H) A% o7 S
pH (xtandard unitx) 6.7 6.9 0453
Potassivin (ML) 1.75 1.4 D419
Radon (pCiL) 141 380 2
Zilica {mg/L) 1] % DO
Seadivm (/L) 9.35 18 297
Specific conductance (ud/cm at 25°0) L Lt 248 LI
Sulfaie {mg/L) 323 14 0024
Tutal divsolved sulids (mp/L] 218 180 J15
Turbldity (NTL) & 2 D047
Zine (ugfl ) L 34 0393

LE)
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Six elements for which there whs af least one concentralion
ohave the minimym reporting limit wene annlyzed for signifi-
cunt differsnces between mined and unmingd arens, Madinns of
aluminum, chromium, and zinc are higher for mined arews than
in unmined aress (tuble 2). Also, greater concentmtions Tor ol
lior valaes und greater numbers o outliee points for sluminum
and zine were neasured in mined arens cumpared to unmined
arens [flg. 6). Results of Mann-Whitney rank-sum tests indicate
that only zine i7 significantly greater in mined areas {median of

8.1 ug/L) than in unmined areaa (median of 3.4 pg/L) {fig. 6 and
tnble 33 The reshts for aluminum indicate a significantly
grenter mediom of 3,75 pg/l, in mined arens compared 1o R
median of 3,1 up/L. in vomined neens, however, these results
{table 3 nnd fig. 6) are inconclusive due to the hins ri:.','uhing
from lowsconcenirution detections vl alyminum in analyses af
three of four blank swnples. Medisns for uther frace elements
were 1ol significaetly diffeten betweon mincd and unmined
ATCNS,
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Volatile Organic Compaunds eight compounds were detected in samples collected from
vnmined areas. The eompounds detected, the maximum con-
Snmples for snalysis of volatile orgonic compovnds centrations reported, and the MCLs are listed in table 4.
(VOCs) were collected from 30 wells in mined areas and from O the 23 detected compounde, 7 are compoeunds that
15 welis in unmiaed areas in the northern Appalachian ccal include benzene, toluenc, and xylene (BTEX compounds), 11
region. Anslytical reporting limits (detection limits) varicd arc halogenated suraight chadh compounds Galkancs and alk-
widely amaong the compounds, Twenty-seven of the 30 samples  cnes), 2 arc ketones, 1 is an cther, 2 the somaning 2 com-
from maned arcas and cach of the 15 samples from unmined peunds (tcreahydrofuran and carbon disulfide) are unrclated by
arcas had at least one VOU concentration above the minimum  functional group. In sanples collceted from mincd arcas, therne
reparting Limitz. Of the 86 compounds analyzed, at leaat | wetc 33 deteets fot BTEX ¢ompounds (1.10 defects per sample)
detection was reported for 23 compounds. Seven compounds and 17 deteets for halogenated straight chain compounds (0.57
ware dewected in gamples collected i tmined areas only, and deictls por satnple). In sumples collectod from unmined areos,

Tabla . Maximum eoncantration detacted and number of camplag with datactions of volatile organic campaunds (VDEs) for mingd and
unrmined araas in tha norharn Appalachian eaal ragian.

| &, oxtimnted: . v tham: - - e MO e boen set: * ) Yotul for inhalomoihancs 13 0.8 mgfl; P, Begulaiug s pending )

U5 Semples fram wells in mined Samplas lrom wells ln unminad
Envirenmanial areas arest
Minlmim Proteciton e
npatin Agane
C-H:‘IHI:::M . ';il‘l'lil 3 rnaiim::n M."im““:l Kumber of Muuimum Mumbaer o
imicrograms Ganlaminant concantralion - rtinns cenopntratipn dntactions
por liter) leval {microgramy por [tatel = 20} (micragrama par (toial = T5}
{micrograms litwr) Htwr}
par litar)
Bromodichloromethane 0.048 S0E* = 0048 0 0% 1 h
Tetravhivromethanc R E.0Ol 1 = 088 ]
Lyibrunmuschlurumethuns AR Bop* = 18 U E .03 1
{higreform AR2 ROET A2 ] 20 ]
Toluwene A% 1,0 E 04 k] a7 1
Benrens da 5 SOR f 102 !
Ethylbenzene 03 Tot E.0l 1 < A0 0
Chloromelhone .25 - E.14 3 ) z
Tdichleremelhane 38 5 = 3B g 382 7
Tetruchlurucibylcne A0 5 w10 0 LI | L
L LT klioethiane 042 FLEH E .02 1 06 L
Trichloros hylene BixT 5 < MR 0 17 |
Corban disulfide A7 - B4R 7 E.} z
eix-1,2 Dichloroethylene D3R T « B3R i o 1
Styrene 042 100 C .040 | B .05 1
|, 2,3-Trimethylben:zene A2 w2 o B .002 |
1.2.4-Trimcihylbenscno D56 - 140 18 E il 10
Methy! iodide 021 080 ] .02 a
Mcthy! tere-bulyl clher A7 —_ I .00 | w17 a
4-Micllyyl-2-pesilandig 37 -- E.I0 | .37 1]
2-Butppnne 1.4 — < 1.4 [} Ell 1
Tetrehydrofyran 0} J— EAh 7 =90 1]
m- and p-Xylane s 1000 1. K 1 < I3 ]

]Thi,'.m,'. maximwn conlarirant Tevel only pegulals poblic sopplice anul daonet apply G privals dometic we|ly,



there were 14 detets of BTEX compounds {043 detects per
sample) and 21 detects of the straight chain compounds (1.4
datects per spmple), Etection fiequencics of Behzenc and tely-
ene are greater in mined arews {20 and 10 percent) than in
wnimined arcas (7 and T pereent) (e, 7)

eThe greater frequency of detaction of YOS in mined areay
could be relaled o accidental reloases of petroloum products
from mnchinery used during mining; however, it alye ia pogsi-
ble 1hal atmudphens deposition is & pathwuay by which VIO s
reach gronind woter at the low goncentration levels mepsared in
this study {U.5, Environmental Proteviion Agency, 199%). The
oceurrenge of VOCs ot low devels in the Mmosphare ean be
widespread because oF cridsions Tom automobiles, industries,
henting, power generating plants, and athar sources (Natinna!
Seienee and Technology Couneil, 1997).

Relation to Drinking Watar Standards

LIBEFA primury standerds for bartum and lead were
exgeeded at one gite anch in mingd arens, LISEPA primary stan-
Wurds tor nitrate, pitrits, and lead were cxeerded ot one site rach
in unemined arens. However, hecause none of these constitienis
are commonly reluted tw coul mining, they are not fucther dis-
cussed.

LISLiPA Secondary Maximum {ontaminant 1.evels
{5MCLY for aluminur, chloside, iton, mangansse, poi, sulfae,
und total dissolved sulids were sxceeded ot two or more sites in
mingd areps (tahle 1), None of the samples from ynmined arcas
excecded the aluminum, chloride, or sulfate SMOLs. Generally,
the congtitents relattd to mining (sl fare, plutinm, iro,
mungunese, pk, and toww] dissolved solids) exceeded SMCLy
more frequently in mined areps comparsd to unmined arens,
The conventration of sullute cxsceded the SMUL of 250 mg/L
in six somples from mined nreps. Concentrtinny of chinnida
cavoeded the SMUL of 250 m/L in only 1w sumples from
mined arens. The SMCL of Y00 pp/l. for iron was exceeded in
sariples fiom o4 peroent (37 of 38) of sied in mined arcay and
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34 pereont (9 ol 25) of ited 1 unrmined areus, The SMOL of
30 /L fot mangancsc was excerded in samples fron

71 pereent (41 of 58) of Bites in mined areas and 56 pereent {14
0l 25} of sites in unmined arews. The pll of sumples from

38 pereont (22 of 5K) of riles in mined oress and 36 percent {9
of 25) of sitcys in unmined greas was outside of the Secondery
Drinking, Water Slandard range uf 6.5 to 8.5, The concentration
ol aluininunn exveeded the SMOL range muximum value of
200 pp/L in unly three samprles trom mined arews, The concens
tration of totul dissolved solids excerded the SMCL of

500 my/L in samples from 16 percent (9 of 58) of sites in mined
urcas and 4 percent {1 of 25) of sites in unmined areas. AIlVOC
concentrutions repored were below the USEFA MCT. values
fur drinking~water supplies.

The ground water in mined arens has concantrotions of
constituents indicative of pyrite oxidution and ireptment of
mine drinuge with colcureons amendments. 1ligher conpentra-
ticny of cileium, magnesium, and hardness cin resalt from
leaching of minerals from rocks due to renctions with sulfurig
acid, from excavition af calenrepus overhurden to ohtain mora
calcurcous materials to use in filling high wall nrens to neutral-
tee AMD (Hawkins, 1998h, p. 17«1 1746, Brady, 1998, p. 9.7
9-¥), or fromn colesreous amendments introduced at the site o
neulrelize AMIY in the mine spoil wnd at locations below seeps
{Hrudy, 1998, p. 10«6-10.8). The calcareaus materials used at
surlate-mine urcas would also incroase pl [ and decrease acididy
und may cxplain why acidity was not significantly different and
wlhy the pH difference, though ststistically significant, was
sl belween ground water in mincd and unmined areas. Totol
diggolved solids, specific conductance, and turbidity usoally
will introdse us rocks are dislurbed snd broken snd more mine
crils digxolved tirougly exposure und weathering. Rodon wxus
ally will decroase {resulting in less radon availsble Tor dissolus
tion it the ground waler) bevause it 5 released o the
atmosphere by indreased fracturiog of rocks above snd below
the surhace.

Tubie % Mpximum volugs rgported and numbar of samples sxceading the U5, Environmento! Protection Agency Secondary Maximum
Contaminent Lavel 1or aluthinum, chltride, iron, manganess, pH, sulfate, snd tial dissolved solids in ground watar downgradiunt of ra-

cloimad surfnce coal mines and walls in unmingd argas,

|SMCL, Bevormdacy Muxioan Commziowt Level, pg/l, microprans per liler, mpf1 milligesns per liler)

Sampled from walls In mined srese

Samples fram walfx in unmined areas

Cantaminani Number of Mumber o
{units) ML, Marimum samplas Maximum sampisn
concqnivation sxceading IMEL concentralion  wxtewding SMCL

(1otml = S8} (totni w 75}
Aluminum (ug/L) 200 971 3 T T T Ty
Chioride (mg/L) 250 1,200 2 240 0
Irom {1} g 3,00 Ly, 5170 g
Manpmese {pu/Ly 50 2,780 4] 1,530 14
pH (slimdard vnils} LT I IO-RE 22 4.2-%.12 o
Sullints (mg/1.) 250 o 5 53 )
Toatal whastialvized vl (zssgeT. 3 SO0 2,300 U] 773 I




Ground-Water Quality in Unmined Areas and Near Reclaimed Surface Coal Mines 23

UNITED STATER
EMYIRONMENTAL FROTECTION . —__
AGENCY MAXIMUM

<>.-) COMTAMINANT
E LEVEL (5 MICROGRAMSE
8 FER LITER)
W 20% R +
[
pd
o
=
Q
E 7% n
W
(=)
0.001 o.oi g1 - ------1"- T --.":Iﬂ
BCMZENE CONCCHTIRATION, IN MICROGIAMS FLE LITLH
5 10% - .
g
g 7% n
EXPLANATION
E = WFLL DOWRNGRADFNT OF
MIMER AREA
o WELL IN UMMINEL AREA
0001 a0 a1 1

TOLUENE COMCEMIRATION, IN MICRGGRAM PER LITER

BO% ) EE T N Y S

LT S T S Ny |

Q.001 M o1

124 TRIMETHYLRBENFFNE CONCFNTRATION,
IN MICROCRAM PER LITER

Figure 7. Concwitration distribution of selucted volatite organic compounds ralated 1o potroloum
cempaunds in ground watar dpwngradiant of regloimad surfaca conl mings ond in unminad arens,



24 Bround-Water Uuality in Unminad Aress and Near Raslaimad Surdace Coal Minss, Pannsylvanta and Wast Vieglain

Spatial and Temporal Relations and Local Extent of
Ming-Drainage Constituamts in Mined Araas

Ground-water qualily is affected by mine drninage 1o vor-
ious degrees ot various distances from reclaimed surface mines,
There nlsa nre changes in the quality of ground water s fune-
tion of denth, topagraphy, coal-suliur content, pnd lme, pssym-
ing thut 1} movement of ground water is by piston flow, 2) flow
puths coincide with iopographic downgrodient directions, 1) the
primary discharge sreas are surfaces-waler bodies, and d)
sprmgs do nol intercepl @ signiticant amount of grownd . woter
flow dueongh tulls and hitlxides.

Lateral Distance from Mined Area

Amaong the I8 samples from wells less than 300 f drom
mined urepy, the 9 sumples from wells more than 300 £ bt less
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than 1,000 1t from mioed areas, and the 11 samples from welisg,
mare than 1,000 f from mipsd arews, concentmiions of sevaral
mine-drainege constituents are higher than background. Sul-
fale, masganese, acidily, aluminum, zing, and hardness concen-
trations are mghest in samples collected a1 distances less thas
300 [ downgeadicnt of mioed sites. Atdislances greater than
L1000 1t From mined sitex, the concentrutions 1ypically are wt pr
below background concentmtions. In geneml, highest concen-
truticyny were detecied within 1,000 f1 from the mined sites
{fig.- &}, Sulfale nnd iron coneeniralions oot only excesded
backpround near mined sites but algo a1 distanees maore than
1,000 ft downgradient of the mised site, The rolation between
ph and disanee 1 not as clear as for other constituents, but
thene 1s only vne p value below 6.0 at dizdunce greoier than
1,000 i, compared to oine pE volues at sies sampled lexs than
1,000 1, and ¢ight afthe nine pH values less than 6.0 ere at sites
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Figure 9. Vertical extent of mine-drainage constituents in ground water downgradient of reclaimed surface coal mines.—Continued

solids are greatest in wells in mined areas with well depths
between about 50 and 150 ft (fig. 9). Concentrations of sulfate,
iron, manganese, aluminum, and zinc are greater than back-
ground both in shallow wells (20 to 50 ft of depth) and in wells
more than 50 to 150 ft deep. Acidity concentrations are also
greatest at well depths less than 150 ft. Concentrations of zinc
and radon are greatest at depths of less than 50 ft. Few concen-
trations of total dissolved solids and hardness exceed back-
ground at depths less than 50 ft and patterns on figure 9 indicate
that these constituents’ concentrations and alkalinity increase
with increased well depth. The pH can be less than 6.0 at any
depth, but several wells had less than 6.0 pH at depths less than
50 ft. In this study, the depth of the interception of the mine-

drainage constituents is not known, only the well depth, but the
mine-drainage constituents may flow through the aquifer at
depths less than 50 ft according to other researchers who have
shown that shallow wells and springs typically show higher
concentrations of mine-drainage contaminants than deeper
wells (McCurry and Rauch, 1986).

The increased concentrations of mine-drainage constitu-
ents from wells 20 to 150 ft deep compared to wells more than
150 ft deep likely coincide with the greater density of fractures
available to transport mine-drainage constituents in the first
150 ft of strata. Fewer fractures at depths greater than 150 ft
may result in less flow of ground water transporting mine-drain-
age constituents from the surface to greater depths. Of the 16
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shullpwest wells (less than 50 ft deep), & are in yplleys, and
walter in these wolls muy have lowar concentrutions of mine-
drainage constitucits due 1 dilution of ground water as o inter-
cepts and mixes with ground water from decper regional of sub-
regional flow prths,

Ralation to Topographic Location

Topographic location his been reparted to be o significant
factor tor both well yicld und ground-water quulity (McElroy,
1988), The effects of tapopraphic location, such a8 hilltep, lli-
side, ar yalley locntians, on grovnd-water quality downgradient
frum recluimed surface mines are examined. Because only one
downgradient well is on & hilltap, the hilleap and hillside loca-
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shews box plots of sulfate, iren, and turbidiry concentrations in
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o p5 hill locations) versws valley lncations,

Resultd of mubtiple compariion tedts wang @ multiple-sicp
Kruskul-Walfis teat (Helset and Firsch, 1992, p. 200-207; O,
1993 on ranke of the dara indicate that very few mite-deainage
contaminants in this stwdy are shown to differ significantly
brasd on topegraphic leeation, The tests indicate that tarbadity
was signifienntly greater nt minad hill locations (medion of
7.8 MTLI) cumpnred to unmined hill lorations (medinn o
20 MNTL. Sulfate concenirations were nat sigrificantly differ-
ent among topographic locations. The median iron concentn-
oo wl' 2,000 pe/L at maned vulley kations ix signiticantly
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greater than the median iron concentrations of 74 pp/L at
unmingd hill lacutions. The medinn iron congentradion {or 1he
mined hill location (5909 pg/L) is greater, although not stutistis
cally sipnificant, by ncarly an order of magnitude than median
iron congentration for the wnminred hill laeation (74 ug/L).

Thee general irends (that are not statisticolly significant)
relating topographic location to concentrations of mine-drain-
nge constituends in well water arg thnt the eonstituents downgra-
dient of mined luestions occur al higher concentrations thun
congtituents in unmined areas, for both il and vailey locations.
The downgradient hill locations have higher concentrtions
thon the valley locaticons, excepl for iron. The higher concentra-
tong of soane e dramage vontaminants st hill ocations 13
likely due ta the fhet that mest mines are on hill slapes, and so
the hill locations are cloxer to the mined oreax.

Retation to Ground-Water Age

The residence time of water in 1the rock can affect concen-
trateons of imne-draiage cobstimuents, Oround -waler age Was
measured in gn attempt to estimate residence time in the rock,
I'or sumples collected from wells downgrdient of recliimed
surlace ¢oud mines, 34 of 5% have age data (3010 the hagh-sulfur
coal repion and 24 in the low-sulfur cosd region). Thirteen welly
in unmined arens hove aye duta for grownd waler. Ground-water
agc dma presented within this ecport arc characterisne of ground
water from wells completed in fractured-bedrock aquiters and
should not be assumed to be chaeacteristic of ground-water flow
i pear-gueface regolith o the unsaturled zone. The ape data
presented i this report represent the portion of ground water
typically used by domestic homeawners and smaller public sup-
plivy as u source of drinking waler and mizing ol older and
yourger watcts (4 likely, Obviously, younger water occurs in
nene-suriace regelith, the unspturnted zone, and very shallow
redrock. Such shallow waler (less than 50 ¢ in depth) typically
haz a chemical composition imore characteristic of precipitation
than of deeper graund water (Kozar, 1936), Methane and hydro-
gen sullide cun couse degradation or stripping of VT come
pounds, cxpoeially for CPC-11 and CFC-113. Methane and
hydrogen-suifide compounds commonly are present in ground
wittar nenr conl-heartng rock and nenr coul mines. Hydrogen
sulfide was notl analyced in this study, but methaee duta are
listed i appendix 1. The CFU compound data used 10 estnnate
apes are given in appendix 2 (G, Cesile, 115, Geologicnl Sur-
vey, written commun., 2004},

Othet researchers have mdicated that because of incfeased
residence time, specifie conductance and disselved solids
increase with depth in hillside wells (Tlawkins and athers,
194943, Wells in valleys ace teported to teecive mixtures of var-
icus sged waters (Brody and others, 19965 and have preater
vields {Clark nnd others, 1976).

A Speurtian’s rank doredlation was contductod o cotipare
the age daw to the significant water-quality dain, speeifically
the ming-drainage comstitgents listed previously, Spearman’s
rank correlation was also used to compire the age dats to the

distance daa by topogeaphic locanon (halt and valley). Mo sig-
nificunt dormelations were shown hetween pny mine.drainnge
constivvent and age. The ooly minc-drainage constitaets cor-
relative with age (indicuted by o correlation couliicient grester
than (1 50} were pH and alkalinity, and then only in the low-sul-
fur coal region, and acidary, only in the high-suliur region,
where comrelation coeflicients were 0,55, 0.52, and .53,
regpectively, indicating an incecase with mercased age, but the
relution 15 not stutistically significant (fig. 113, Mo significnnt
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would vary (rom site to site dependent on arnount of ovechurdon
remorval and tlasting done.

Configuration of land surface and rock oricntation and the
varinbilicy of these facters within the study ares may be related
ta pround-wnter residencs times, For exampls, wells in hilltep
xetlingrs in mined srens with s12ep slopas and 12rroin moy have
“younper” aged pround water and higher concenimtions of
mane-ideinage conftituents than wells in mimed areas with less
steep slopes and lertain, Orientation of bedroek with downgea-
dient directions of ground-water flow could result in younger

ground-water agss, but atientntion {downdip, wpdip, or nlong,
sfrike relutive to the lacutinn of the mine) did not correloate with
high concentrutions of minesdrtinage constituenls in this slody.
Alzo, kg vl oller ard younger ground water is mure Iikely
in valley setuegs than i hilltop or hillaide sethigs.

A comparison of mine-drainage constituents in “young”
provng wier {nge ol waier lers than ot equal to time elapsed
since the reclomntinn was completed) 1n representative mine-
tlraimage constituent concentrations in unmined area gritund.
waler samples sould ot be conducted beeaude the age of mos
pround waters sampled exceeded the time elapsed since recla-

mution completion. Twelve yeurs ix the maximum elapsed 1ime
singe Tectamation completion in the sampls population, Y'et, of
all samples with sges exceeding 12 years, most sumples had a
lensi one mine-drainage constituent concentration excesding
bnckground [evels,

‘The rhedian appurent age of ground water from 24 wells
{table ) sampled in mined arens of the low-sulfur cos region
wak J0 yoars. Samples from four wells i unnnnil sreos of the
Inw.sulfur cool region indicated 2 similar medion appprent
ground-water age of 25 yeors, No statistically significant differ-
ence in apparcit ground-waler age could e determined
heiween mined and vominead irens in the low-suliur copl region,
In the high-sulfur coal region, the medion apparen age of
ground water from 9 wells in utmined arens was 44 years and
the mediun appurent age of ground water fram M wells in
mincd arens wae 33 vears. Alihough the median apparent
ground-water age for wsmined areas i1 the ligh-sulfur voal
regicn wax approximidely 11 years older than mined argas, no
stalisticnl difference in the age of mincd and vnmined nreas
could be ¢stablished.

Tabin 8. Stotistical summarins of ground=-watar pge comgaring minad and unminad areas and topographic location

of walls in the high-sulur and low-suifur coal rogions.

pv. greater than|

Groundwatar age, in ynars

Coal ragion Samplw niza
Mudinn MaxImum Minimum

High-sulfur coal region

M il Brgis n M 52 9

Unmined oreas 9 dd 10 1
Low-sullur coul region

Mlined areas 24 M} L1 4

U'nmined arens 4 2% 2% 11
High-sullur cval regaon (Al wells smmpled)

Hilliap wells 3 44 1l i3

illside wells 20 kN 50 4

Valley welly 13 s 51 10
Low-sulfur conl region (ALl wells sumplid)

i ltop wells 2 IR 25 11

Hil Kasle wrlls 11 i 47 1

Vallay wells 1% n =58 4
High-sulfur cos! region (Mined aress only)

Hilltup wells ! 35 i5 i3

Hillantz welld 3l 1 0 ?

ITilllop and hiltside wells 2 31 p1i} %

Valley welly B 34 52 13
[ aow =sulfier el regioi (Maned arend anly)

Hilltop end hillside wells o 0 47 10

Wailey wells 14 32 58 d
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Liround water in mined arcax in the high-subfur cosl region
is typically alder and hag lean variability in age than that m the
lowssulfur coul region (tuble & and sppendix 2). Mujor factors
likely rasponikible for differences in ground-warer age between
hc lwer voul ragions ure lopogruphic relict and slope. Typical
hasin slopes are 60 percent preapeer and relict is about 20 percent
groater in the low-suliur coal region than in the high-sulfur coal
region, which may reaplt in [£58 reridence timg, of younger
ground-water age in gencral, in the low-sulfur coul rcgion.
Topographiz Loaatinn was the nnly inctor that hag p discernible
pultemn (though net stulistivally significant) with sppurent
greound-water nge, amd only in the low-sulfur ¢onl region
{1bsle £). W ithin the Toww-sal(ur cosl regive, ground watcr from
wells on hilltops (median age of LR years) was younger than
waler from wells in valley sctings [medisn age of 26 yoars),
Ground-wnter age dntn indigate grownd-water flow from ridges
or Willsades to strcaant or subrogiona ] squifors i valley botloms.
Within the high-sullitr conl region, medinn age of ground water
for halltop, hullzide, and valley welis wis 44, 31, and 35 years,
respectively.

Altheugh duta from this stady do not show n sintisticn]ly
gigaficant rolahion betweoen topographic scthing and grosnd-
wnter nge, in n previous investigetion, 25 wells were sampled
randurnly withun U Tow-sulfur contral vesl rogion as past ofan
areal assessment of ground-witer nge within the Appalachian
Platcaus Physiographic Provinee in the Kanawha - New Rover
Nusin. The stady did not specifically sumple wells downgrudi-
ent (toan reclnimed surtace mines; the wells selected for san-
pling were rundomly chosen. FFor these 25 wells, the medion age
of ground water was estimated to be 30 yoars (Kozar, |1998),
und median ground-watcr age lor wells sarpled in hilltop, hill-
side, nnd valley settinge werg 13, 29, and 42 years, respectively
{Kurar, 19983, This linding is simalur 1o age estimates dueter-
mined as part of thig investigatinn where well sampling yisldad
medwn sge cxlimasies of 18, 28, and 26 years tor wolls sampled
within the low-sulfur conl province from hilltop, hillsids, and
valley setlings, respectvely {lable £). The major diflicrenve
heing that ground water in valley settings in primarily mined
arcus (tedian age of 26 years) appears w Be signlivantly
younger than that documented in valley sottings in the enelier
investipgstion {medmn wge uf 42 yoars) whete wells wete
selected randomly. Younger waters in valley settings in mined
arcas iy ihdivate a fater pround-watcr DINsE Ume b valley
settings beaause of the enhoneed frcturing of reck that is com-
mun 4# a reaull of buth surface and underground coul mining,

Summary and Conclusions

Burtuce cosl mincs have historically hud major impact: on
the quality of shallow grownd water, Sinee about 1977, chanpes
in mining practice huve boen manduted t result io reclamation
of surthee-mined areas, Althangh current programs in Pernayl-
vunia and West Virginia monitor water quulily in and near sur-
face conl tnes, this sady examines whether pogt-reclamanion

groundswater guality near coal mines is similnr to ground.wite
quality observed in unmined wreas in the bittinous coal Hiclds
«f the northern Appalachian coul region Chigh-sulfur coal
ragion) and the central Appalachion coal regiom (low-sultur
coal region). This sludy slsa examines the spatial and temporal
extent of chemical constituents derived from tine drainage m
ground water downygrudient of reclsimed surface.coulsmined
atens, This effort is pant of the USGS WAWOA Program arseds-
rient of factors that atYocl ground-water guality, such w5 mining
Innd use,

Samples coltected From 58 wells {30 in the high-sul fur conl
region dod 2% mthe low-pulfur coal segion) abour 2,500 it or
lexs downgradient of surface coul mines thut were reclaimedd
during 1953-96 were compared to 25 smnplos fiom wells (200
the high-xulfur and 5 in the lowosulfur coual region) in unmined
arcas, Sumples from mined aress nlsa were compared 10 back-
ground concentrations {estimated from the 901h pereentile of
canggntralions in unmingd arens) of aelected constituentn (aul-
tute, iron, ienguncee, sluminum, zine, haedness, snd dissolved
xolids). The wells were nll private domeatic supply wells of
depthe generally less than 2530 i, Ground water in these wells
flows into ppenchole sections in the gently dipping, relatively
flat-lving fractured wnits of Fennsylvanian age, which may
include sundsione, siltstone, shole, limestone, and coul.

Conslituents examined include commeon inerganics (pars
tiularly constipents reluted to mine deninnge such as aulfate,
irot, mamgancse, alurmiown, pH, acility, slkalmity, hardness,
und 1otal dissolved solids), vorions trace alements (radon, lend,
nickel, and zine), and VOUS. Grround-water age was caluulated
from CFC compounds.

The tnmc-desinage vonstiluenty in ground waler downgrus
dient of the mingd arens result from the trangport af pyTite-oxi-
dation products romm 1h¢ miied fale and from noutrsluzation
reactions by the dissolution of calcarepus materials introduced
at the anne site of along the geound-witce-Mow pah. The dis-
lurbunce of the rack during blusting, drilling, ar excavating
cowses frncturing of rocks and exposes rocks to additional
rechurge, mechanical weathering, and geochemicul reactions.

{rround water downgradient ob surface cosl mines hay sig-
nificantly higher concanirations of syl fate, irgn, manpaneas,
aluininun, pH, hardness (culcium and magnesium), wrbidity,
snd specific conductunee comparad to ground water in unmined
areas. [n addition, concontrations of zing and detections of
BTEX compaunds {in the high-sulfur region only) were grenter
dowageadiont vf surfave voul mincs comparcd e unimined
nrens. Fligh concentrations of iron wnd manganese were ubigqui-
tous Biroughout the study area. Sixly-four peccent of samples
downgradient of surkage mines and 34 pereent of samplas frony
utanincd dfvus caccedod the USLEPA SMOL of 300 pp/L tor
iron, and 71 percent of samples downgeadient from surfinge
sinwen and 34 potoent of sunplos tean umoincd arcas cacceded
the USEPA SMC]. of 50 pg/T. for mangnnese.

Sulfute, hardness, calcium, and magnesium concontrtions
wereg signifleantly greater in the higl-sulfur conl srgion dowu-
gradient of reclvimed surdace coal mines eompared to downgen.-
dient of reclaimed surfiee conl mines in te low-sulfur voal



region und unmined lecations in ¢ithen repion, Speeific condue-
tance, pli, and radon downgmdient of teclaimed surfuce cool
munes wobe sigrdicantly greater i samples Irom the high-sul-
fut region compared to samples from the fow-sulfur regson
Kites,

Concentrations of several ming-drainage constituents {sol-
tute, menganese, sluminum, zinc, and hardness) were greatest
aniel gencrally exceoded background less than 500 # dowasgradi-
ent af surface-coal-mine sitee but deereased to less than back-
aground concenirations at distances mors than 1,060 It downgra-
tient. Concentrations ol sulfste, hardness, and 1otal dissolved
golids wers greatest in wells with depthy berween 30 and 130 i
but genzmlly were less then hackground conesntrations in wells
deeeper than 150 it [ron, mangunese, and aluminum concentris
tions exceeded backpround it shallow wells (less than 300
deep) and in wells 50 to 150 0t dsep, Alkadinivy concentntion:
unil pH were variable ot ull well depths, Rudon and wine concen.
zationg wore Haghest i shaliow wells comparcd to wells more
than 5 fi deep, Although turbidity levels were significantly
greader at hill lncations downgradiznt from surfice -conl-mired
sites compared to Rl lucations in anmained areas, mne-dain-
age constibeents dad not vary significanily by topogeaphic loca-
tian {hill as compared to valley).

The median age of ground water sampled in the low-sulfur
coal region in mined and unmined areax was 30 and 25 years,
regpectively, The median pround-water age sanpled i the
high-sulfur caal region in mined nod wnmined areas was 11 and
4d yeurs, riespectively.

[n mined areas, ground woter in the highssuliur coal region
typically was oldet than ground water in the low-sulfur coal
region, though not significently, Ground-water nge in mined
sreas iypically wos greater than time elapsied since mining com-
pletion and did not sigrficantly coerelae with concentrations
of any mine-drainage constituent,

In eemparing ground-water age to distange from mincd
arens and {o tapngraphic location, na significant comelations
weree found but a few observations are noteworthy. [0 mined
arcas, median pround-watet ages increased from ll to valley
logations for wells sampled in the low-sulfur nnd high-sulfur
oul regions, [n samples trom wells in hill Jocations maore than
LU0D £ feomm a muned arca, a pattoen was observed that protad-
waler age increasced with inereased distance from the mined
Ared.

The Inzk of sagnificant corrslation nmaeng ming-drrinnge
constituents, age, distunce from mined areas, und topographic
lucatiun may be the rosult of several factors, Fhexe factoes
include mixing of ground-warer nges in water intereepted by the
wells, hydraalic impeets of mining (disturhance of rock from
hlusting), configuration of land surtsce (slope and reliet), and
rock oriemation (dip and sieike) relative 1o mused arcas aid
wells sanpled, The mixing is likely related to the open-heol:
completion wells that intermsect fractures of varying numbers,
depiti, loogths, and ace nercunnected with other frclures, In
addition, the effecs of blastmg vary with the amoust of over-
burden remaved, and slops, relief, and struciural arientaticon
vary nerass the study area.
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Appendtix Ta. Dissodved gas and racharge-temperature datz fonz2d wells sa mpled downgradieat from reclaimed surlaca coal
rranas in the low-sulfur cial region.—Continuad
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Appendix Ik Dissobved gas and recharge ternperaczre data lor § welks sampled dewngradiant fram reclaimed serface coal mines

in the high-sulfur coal regsan,

[*C, degrees Celsius; mgl., mulligrams per Leer; *, possiole mechane degradadion of CFC1)

Field

wabar "
Local i Ar Eiy Goky EHy Recharge TRt r- Encrazair
ientifinr |l (mgrL] (mesLy (mgLh Imgdd mgL) &levation aurs {mg/LE
[-c}
i H|
LE411 16.7 Hi 504 0T (.05 ol 6. 1643 LT 112 15
WeaTl 14.5 FAJER . el X1 el 3205 AT (1 g4 id
14.5 1119 G465 100 LU A4l E Al T B.T
Mgl 2 . 2350 -BE0K A2 142.84 O L1440 1%5.4 LR
14.1 21,496 HE2E 15 136.87 LR 1,141 153 LR
BAOIZ L4.4 20055 174 11 g1.45 S52e 1,70 9.4 5T
CRT26 132 21.T23 e 0 9 0283 1. 270 24 X
1312 2rE5N JTHd ar H.T9 J2E3 1,270 =4 4.4
ARG 12 13.4¥95 4049 HE 1225 *35. 5B Qa0 2R -
118 14473 407 0% 12717 *15. )54 Q30 194 -1
50853 1L 20207 T i 116.H 624 2,380 TE 13
118 26500 T4 al 11541 0561 2,380 7.1 2
TEal: 11.% 230 9T i)} 6l.35 a0 1,460 55 42
118 I1E54 TESY RE 60 91 g 1,460 5.7 ER:
TE4M4 114 TiaTy 240 7 R ] D533 1,670 138 12




Appenuic 1 A

Appaadiz [, DCissoived cas snd recheres v perety a cala ' § wodls samgbed i mires aoese i 152 beeesedior ccad 230

T demme Coas, =2 T e pe o Y poseinde pedsre Sepracioer TS DL s e oo oo e el B ot e e

Ei
Lecicarpe E
e . M. o 0, oy L= lecharpe emper ain
Bl e gLl gL | hogLI 'l Ehewatiam atare
el e

A TR e n= 1= &= L. (e [ His LLLLL (S el L | FA L
R tan” I3 I EZS e - 4555 LLL LS 15 L -]

Tl 3 TEZEE BnIzEE o I3l eT1IH THE 17z -is

IC1

FASa R
.- IE2

%
I !‘u:

[FAS
™

y
Wd 14
o
L
la
I
=
o
"
s
-
s
e
|
F
1ot
E
Il
A

1EL)2 a3 -
1=

i
y
| 7l

2

%‘

=

ja

| R
g
[

& !
=
;




42 Brownd-Weter Duality e Unmined Arsas and Naar Baclaimed Sedace Coal Misss, Penpoylvapss and West Virgmie

HAppendin Id. Diseobed gas end rezhe e lemparaiure dai3 for 3 wells sampled in unmined areas in ~he hagh-sJburenal ragica.

[T, degress Celous, me 'L, miliigramg per et =, pozn b pethane dezrdabon of CECs

Rechugn
locad . Ma 1] 0y {oh CH, Rechams empey- Extusa wir
idemtibr P ImgfLy gyl tmpl] Ima/Lt | gL wlevation Mty Imygf)
. [*CI
"]
Baierod 12% n.ns3 (RRek iy Q3 F23E Rl L e 3 0] %3 2E]
124 4.7 20455 JMMGE 0 21T *lLHEL 100 11.2 115
S01XG 14 2153 215 A 5135 23 1.2 LB S0
4 2214 AT 220 5124 A 1120 .L.0 19
=815 115 17732 MY 14l 1773 A0 1304 t1.B 119
Brarea 114 21553 L) A5 .12 LA L. 4.7 17
CRYZT 151 ik T A% 195 N [erl] | 485 a7 4.4
151 22041 1432 A% M5 A5 _Lcan 1, 46% T 43
ARIDE 124 25568 K24 N LL.3B kL] | 240 B.5 a.n
k2.3 531 i E Ll L1238 D) | 240 85 4.4
WEII5 12.0 L8357 TLO3 Jda 1l DMK 1,130 a0 20

12.0 A 03 A 4217 ik 1,120 L | 1.5




n

Appentix 2

L LB il g1 oil ‘1Y) [ 29[

P 9n ol BFELS L [fs E+H0T
T 041 p'a T a5l L |11 oo inllL FEEFL cll 0011 Epal9IH PRI
ra I’ [ & [H] 5[ AT
0'g i n o L+ o L]
BG= il s L1} 1] I =] o o {E o1 BBRRIBCED BLIG-AE]
Ll k11 L7 608 iPkIL I ial
Pl B'RI1 I'blE LR SEI[ AL S06L0
T 61 ol FT L L 3L LEEL ¥ 0T i1 OOE1 BREIEOSD  wTgrAE]
A F3E s (11 Bl Ly L]
'R a’le ahEs L LhL [ Feii Fa
+ 560 I BR 2EIE | W14 i LR [PIL TFie [ I 11 BesIl1H] sligrted
el LB B lES T L s A1 LT
el FOLT F -2 L P £ale [BAE L
ik [5al ozl FOE ICss 1= bl Fi P aSE i OLL B&AT11EE | A2
Ll E1L Ieik BET Fa% LLie L
LFl R b EEE CRIT 1'L% LR Ik
a1 el LFl 1T i FRELD | i dlg ChLF 5 &k oG 25510 TH [l 1] Lt |
n L B 11 1 T Fa5 I
LN o CEL 1% ¥ 5Tk LTl
Tt S LINN o BEL e ¥k Ler L'kt =11 0T wRSIETS] SO[orums
L
[SMgmts
fmwad] o 1T =TT TR T EH-HD IEMI UMY gy
LT I s mojeq Amneeg|
[T 3 ekl -Dackairy a_, L 1T Lo 1| AU
Jo nby LT ey (ndd) (6>/6d) pdep [ =]
ORI -y ainssead jesued Jajem Ul UoYeIUSIU0D o
-0 uogIBI010N|J0I0[Y) u0qIE200N[0I0[4]) lsm

['synsar ac=npoeoa) e THTEpantan sl
W T SR PETROE TP 00 ELGAUsH] LG TR0 [ MY pojod[oo ojdures D) 98k Jo ayep uey 1918018 ‘< ‘ofe 10 a)er: uem 597 > ommyoa 1ad uoyuy 1od sped ‘A1dd ‘mre=3orm xed superEnsd Wy B3 Loy i

“EAUIW [B0T SIEPIkE
pawie|3al Lay 1. prifiusscy woifial (09 anyns-moj awp ul pajduies sjjem 4z 10} s83Ep abiseyaaz-1aiem-punolb Juasedde pue eiep ungie30ionos0 G BF sl ty



Bl icl LA EsZ il i ] L)
Bl Y 3| el LI isl n 1ol LAY
9z ZoEl BLL icl ALPE 20 1 b roc | MIEL  BeEIHDEG 0ol
arl o +H1 Ly o (A £11
LI o L I o EF Iy
Lk 1541 0l (H) (RS +I o BT wE =01 ML BSE|ETSG A% o
iy ['s L 211 0z [s bFLL ik
LIl oLl T o rig el 5 I'paL
[ bosl Ll TP iEhl il i X Ok od DOEL BREIETER  QedoefEd
1 [ Eiag Ergl e 2| BChi
LHE [ TFIE izl ] ncel Trst
el | &1 L H o LLED il Ila | £ ) DDaL Ee6 1 30E0 BTty
Ts ¥ n o () n [
L] ¥ Tt E H) L 6
139 a2 | Ts n 2F ¥ ¥ 2r Bl Ly DOOl REGIETED deEGrocg
LHEm o | L] 0gy il s = LCE
s=dmed ia E'C LRIy 5Tl (L £ TEE
LE qus 1561 i L8 TET Bl B0 ki I &E L DOTI  EERIFLSD Ziporiey
" wep
oyl
fumsll  simpa TR T T Y R T+ MY TEHI WD
P s 0 uma - HUQUEF]
Juaol Py ~Hellerny W wmy g ka2
o ukn - sumpey [uhil] (ot g o |
P Nt 1T aunsoel el Sy [ ) CL LG ) EPCT

8 lLiround-Water Quality in Unmined Areas wnd Newar Recluimed Surlace Coal Mines, Pennsylvania and West Virglnia

| g ress 2 FerEn RO PRI 3 oo
G B A PATES0R AP 00 asaes] S S (LY A parxaia spdires 047 csEe o aEp oep aeed o 58T 00w men e s aln e o uod]jah o sioed tadd teedoim od soeSend 928 woa Y

MSULHL O 53U |Ra BIBHNE
patsae| 284 UHLY UAIpEIGWMDp paua ) Jed ¥ Iy s UL U1 ppdUIes SpEs g Mg s@ep abieyal-aiem-puno paiedde pue £180 LOGIRIIDMECH] 7 W xapaally



Appendix 2

i 1#% TTHH LY G o 2P + 088
aill o r I o a I
A%< oL~ a1 o || 1 o 11 r ST QOEL  EBHA| 00 a OIFHY
Tl & Fr Bz o ET 1%
i1 ot Gk 'S THRT at 69
Lk 1561 | 1% Lo £l T L% I'EE FI¥ DO Ean] B L [l B
11 u} EE LI o &l 9
11 o TF £ [} 9T R
gk ncel 11 0 1 11 (k) 5 LT SoL BOGL R0 EER-TTY
& u] BLEC ol [H} Ll tE
L 0 LFRT £ [k} T &k 171
| F4 2Lal 5 0 =13 BEk (k) &9l S a1 8 Gl BES1E) ELT(HIIN
oL o T¥L ¥ (H) TOTi oL
¥ o FLil | G ATl &L
9 TLhl QL 1] SLE] Bl [} Tad L+ 18 DG F5G180 SODF
ih iy TErE1 C'BPE'C S ] FI1RED
i e [ T 1 Tl o LAL ESbT
Fl FEol ik iIe WL LR L'k Tral 8L 58T MIFL  FEE16150 TITOy
L0L DEr FEB] E'DL bl 0L BER]
koEmlapo LOL FALES HE] LHY T 4 0L oA
L2 Yiim 57 L0L ITl FEF1 1’0k il oo SAET L MILL  S&&E[E05D [T (|
i
{eampns
it s e GV T T T YO T Y Wi I WHY
JEpE LTy | LT an IMp|
proosl Maunddn -Jndas E__..- ) oag el
wubin wagr sty (apld] oy | ndep e
et ppy -naoay s mnd Hatan SR O]
o OO P LRI L} B ML ) Rem

[ s el poe ungereud s #dces
SR SR [STETR N OO CASemdis 2 S Eo O || Ron G peter o apdames 80 sl Ao e v el ol o ep wetp ss a tsamics sod o sed sured tdd ooy sod saneifosd S ad nzey i

pErUOHF—SSUIW |B0T SIEQMS
PUIB| A Wik JuAIpENEusanD woifial B0 Iy nE-a a1 Ul e d WeS Sjam 47 40} SaLEp a0y 0a)-sa]es-punmb paledde pUE BE0 Ies LONgoM Y7 B peaddy



48 Groynd-Watar Qualily in Unmined Areas snd Near Reclaimed Surlace Coal Mines, Pennaylvania and Weat Virglnia

C3R] | Ve [y g kTl LEE LA ¥iLl
¥Il L'8E nsiv r | EEE C9IC CEr2
Zl o 21l IUIF TR T TEL L [ L L 3G B
) [Hy TR o0&l n TIT Fil+
i) T b £l L ET L
) T ) 1 I'Ci FEl o Eic 0ei LA ool ABhIT I L i b AN
Il H L3 Ty ] TE £
il o o Tl 0 ¥ I+
1 LIEYS il o BF 1 1] Ti 7 L5 M SGhIHED LA LS
= (4. a LY il m wiT Bl
Rl s 4] FC LA 5n LA yEC 1
cE L 1% | 1 kT "5+ £l 9C Tar [ ol M SEhlilsn 100,
Lop
[0 ropms
{sied] - uERe 3 T T R T R TR EFH) O L pony
Inge, EToY ume Sy
puncli Wnnids ~ Ml E_ 1 i L] Lnec
Jo vl b i) slimpey [add LR dee =
pOmEs] =hinag amered wied BENUA B B LU R0
I BOR B2 ) B R I e G D) KoL
T as 2o pow ool s

O 23] PATITREE] ERYY 00 RO LT 0 o, 0 pe e SR ITes ) 3 O S TR S e e ol 30 S0 U S0 s faorpes =d opmiz o ared odd cregfery sad muedoond 8y B 1) ]

PANUOLOG— SP [BDD A314HS

pauie|2as woy a:pefusop ootfal jz0a anyns w0 atl vl pEHdWes sgam 2 10p sz0ep aE1eyaas-1aem-punmb asedde pue gep uMUE SeNpIIsE) wE Xipeeddy



7

Appendix 2

Bi i 0 s LR o i
BE 2k BCEE FrEl nod (e 2
5 EB41 BE 01 25TF B LENT AT %68 o1 (113 LEG 15160 LiF¥D
LIES 0LE Yk FIsl Tr Ly Lip
ah 0£E o 1N HhsL i3 FELS TiFk
il TBAL s EhE E TR T35l (W EiLs ) 1+ ooE LB 1T itiHd
4 o 19[S =l i LT LY
T o BERCIL 9 r FEIT'S ®r
b (3133 e o BT 1L ) T %1 o, o= L6610 ilwe
L L £lE TEZE Fid Ll SEE 61c
3dumad L 0El 191k R I"B1 T Lgn
£ Lae g | FL €I 13 [ss L) GEE 68 11 L (1] LRET9E0 ECROS
E o ol 7L r i 2 L
oE n BT il r sl 51k
He Lkl iaE o SRy <l r &IE L'k oy s L bl 15 TR I
oE I'se R LY £11% i a7 3%
0E I"l& Bl [+ o611 £1057 Spit
£l Fas[ 0E b Bt Ll LET R LY i 00 LEHT90L ik LE
S 0 LL ) r S Bl
S n EY o r i I
gp T56[ S 04 e ! L] i¥ 13 *F o= L501L760 15038
amp
(Aonpmms
il e A8 I UMY UMD TFMD LM e
A, Ml e gy HHpmaga
panaid piwide -miun oy ) mag P
pe aby gy sy () {Ey B} ey gind
prwnTy i wunsseud yuped . Ul LOOROLEIRD o~
~AHAI AL I DT I ) NECHEL P 1 1 L0

[ w2 o sad sped ] ooy o s o sl "By S

"SUIW |FOQ 378 NS
pawiejaal wouj uaipesbumop uoiBas eod Jnyns-yBiy ey ul pajdwes sjjam O 10} AP hkeyaa-131eM-punnlb e 1edde pue B12 puaqESDIONEMUON 2 npuaddy



M Ground=-Water Uualy in Unmined Areaz sod Near Recinimed Suface Coal Mines. Pennsylvania and West Virginia

TE o o 3 ¥ i T
T3 o o & r & o
s LFBl 4 ) L) 'L g LN 1 ¥ % K& 1661060 L
3 iv Fo 985 59 1T
Fa 15 BRI TIOE 5'e ook i
¥ Sibt Fg e ooy 1T 25 TSI W = B iB6ISIS0 L
i1 o L Il r L o
9 0’3 ) o €0 i Y
s SF5L i4 i o ¥ L'h & o i3 g LRI L1580
3 o FOTT ¥ o FIL T
1) o L by 1) . Lyt e
i 2651 ¥3 o PRI T v S6CFL 91 o5 T T
oz o (R 2 BFF n FELE INH A
oz ) I'2%8 i+ nr &R i'lm
i Desl oz v FELL 9D o T roal Lo BT I <
h o o [N r LN o
i'd s LI e gt ng ins Tl
6 ghel £'s v o o 0 o i o DOF  lBSLYIBD CSBOS
33 o Bi ) o 97 &1
i grsl 53 o0 o 6o 0 oD ot 5l O0F :eSHICBO  IEdwm
g
(roume
[erenly l._uHE B A UMD ENEHY WEH) WM pam
HEaM (T
ek FHuUN e -2l ey H p— ang Halhep|
K uie e ey ] (B} g e
~opg RO IR LR ] e b

Tt 5ad o1 e suresd ol Sy e sromcdoned Shy 34

PanUINE—"S3INU |23 FIRHNE
pa_ae(3a) wey ualpes S uoifaa |Boa r grs-ieg A 01 papRues SR f 10y saep afieyoas e em-ponc B wasedde oJE e1ep UMY OT Tpenidy



Appendm 2

o A okt THE 1’5l SEF 0155 THOE
1aghmad s BhRE TFFE gl LTy L P RS
| 7 L] | TE ¥ i[iF E'BEI &% bl 1% 4 L] HrE coal IZ80 BO%%d
0& Ly FET L] Iis oead Fhig
o= Ty SRS BRI L5 L s
ol LusE oE Biy & LF L TalL 8paC Sols It LIl LB6 15T T1ER
Toi ETQIE I& COET i+ £os s
L0E o L' I'BC ) 1'% Fal
1€ S L Fluls o 5H £nl C g0 ¥4 r 1] LBATTE0 [IO¥E
Lnew 0z &1 Feil a1g TEL ) THs1
FEao .t oF 1Y FLil +IE 553 B'BE 1’7k
8C L. 5061 0oE Tt SEL PLE g 1 n'te as LE HIE Lia1 1M1 17Em]
L o B LI L] o 1'93 505
197EM 1300 ol o LLLL 11% i L Fesl
4L i 051 EaH o LI £'5F [ C'EY 5Ll By W LEG10T1 CLadil
IE L L BT kd '+ £sd
s o I'Zh i [ BER el
ng Lokl L3 i) g E5E [H rLa (F &k B& (s L Bl ELRS M
L) Fil BIlEk il - 691 ETD5 ¢ L1568 5
¥E 5rl L LINTT-N | LR R T I'elg'tr
i1 Lif] i &1l LN & eI el F101E LiHE's 51 LIS LG LI HY
L
[cowym
{riwi] e HEHY T HHD EIHI ZEHD UMD e
16gRn, A UL -~ JUmr—
pe i wamsiiy -y o LT 11| I rraancs I b
48w e whanj3ay e} [LEP ] e i
HOrETy -ceay) wmizanl ol JEHINL M| SO [P RCHIS
- I DL D 3. L) POQEENUCAGR Y L

Touron =d wet||s B nmad ol aredor el o ad iy ad]

PENLUG S8 el pe0 aHELING
pasneas sy waipelfusap uoiBa |Rod anyns-yhiy o w pajdwes sgEw 08 J0) 53.6p ablEyal-151EmM-punLb Jisredde pale BUEp uoQR 20J0NEoG0 Y o Wipueaiy



P o w3 BBEs el 137 |0ty 5P
N = Fope 1 £« Tee GCEL &7 Ts2 chl1E LS
Mﬂ._ T i TG 4 3 ¥l LLTE &l Fii Rl Gip i% M3 L5G | B0 Sa0AA
=
= it El COE 1S TH T 605 |
M ad i 6Cw1 ¥ig L% LETY N
s [ WL i 5 WL oL £S 6917 ZFEI el (H1E L1 LoD Trfdm
L -]
[
=4 e Ll il kil &d UL £ L
m L Ll 1 0L il 5d LTF 0pE
N or fAlw [0 ol T4 CLE el g L 8LE EL W LERTH0AI 11¥737]
5 (EY ) L =l ) il kP
m ] ¥ 6 Bl 0 1L or
= 19 oL (L1 1] BEF ¥l o LET 9 0| (Hr2 L6 | To0L FLEAM
H
T
r.i...u H ¥ 1 5l i LI FF
.m oG ¥ s 1 ) 03 ik
= iz Estl (] ¥ L £ o LI L 5% HIE LA ETRD W AT
Fi
=
-] Ll L L) EL] 3 EFy oL
[ -]
= Ll L g Ll e Fui ]
"
s o Ll L1l 50 L (1] s L9 LB HE Mg LBEIETEF Fidd
=
L
= vl ¥ 5 Lol e L nag
L mewapn ¥ o 6 €T ¥ T 04
.m i T ] | 5L BI0L 9al w5 Eiy Sk 4 Mg Ll TR S CXE9H
=

ey
£ |eaupRe
= (e g MY W) WM BRI M) D Py
= 3 : M g L]
e i o el + it ey - L TH ey I !
Fi po wliz L b sy Gl LR ) ylap e
] ] -Tmy smsnend eqaed SRR W O DR 1M
M -asom e e T T PeESUOALISN
M [sarpa. 0 veijwe s fumd ol Tedary sad Rexdond 93 34]
=

PanuUUsGT—'SAUHU FeDD BIEPNS

=] pawme|aaswal) =zpesbusmop uoibial peos nges-yhy agl u pajdwes sjjam o8 oy s91ep alueyaas-13ev-oanoab jualedde puee ;iep dogueamonoIsry oE ETpEsddy



Appendix 2 L]

= == 3 - = === ==
= —= i = = = = =i
-

_ g
e s i CE-T N EE. TR L -
—— S | 4mm
el magln  -seam — . p— S
i [ - ey -l £ - 1

—— ~hmay =l B -y Il_
gy [ == % T

== g B Rl Sl = - T o

= e R

S oo e i el peyfiy e uipojdus Spe = e s mem e rE G e s e e ) rpakly



42 Lirpund-Water Uualiy in Unminad Arsag and Near Reclsimed Surface Coal Mines. Pennaylvania'and Was Yieginia

Ell 1 YF2 v EL Elg (1 3| Tk
£l L 3 L &F 1L% Lagl il
Bl LH Un TP il PEL (51 sl Eh- L3 H L CLl L h-] SRAILIRD 21K
ol LET SR [y L iE 1 55F 2L
ol LTI oL L3 E s Bk 3 FFT
LT ol T G )28 by L I'i3k TBET iz Gaie SRGIZZIG B
T AL L1511 R i Fed 2l
L TLEL in iz SEFL [ C4 - £El L & i S T
0 i il k5 13 %] | g5l
e Fumo b vil sl SEL CA FIh 1
L = J0n | Th F¥L ral | s F il B 2oL 54 FIlN ST Ll L |
L& I'[» Tux L ERE i’k FEel ITETE
1’6 ¥ 59k BEHIE Ol 108L SWIYE
11 | [6 L% SLEk ciME ThHE Az FLrE W i LBSLET ST sy L |
[3iemi]
wlim (- ) -3 ELI-HD T30 -0
Inm TP EIANN e pum
e ]
340 Heareide A
piol - saddomiy P T il )| [T
g Do sbremgany fadd| (o] L e2eq
L TR o pmrrad poied 00 A, L1 L S ‘ipdap
) R M T EML I I L 1194

lacrooa pd a0 sl Fand udd Tedogy K credard By 4]

"unHEEN |E22 JIY NS840y AU |0 SEAUE PHINLMIN LI PARCUES SL3 g a3 Salep abiegaa-1aem o b juasdde pue eep Lo Eanaopn oLy oF ¥Ipseddy



Appandix 1

Lg a +1 LE o b3 -]
L8 LI} EEl LI o 171 L
[y Fal [ a 1’51 FE o [IEI}] a6 CAN S 11 BEGTRELD LoLH}
LB Q 1E L 1} HIA s
B a L% L3 1l R'E T
Lk [EN ] ] a EL B LN bF Ll ] mall L BA1OES} aaca-wig
IR} LE T F £ B1 'l
oal o v C 1 [ L
s Lkl nnl a [k £ LR H i sl s Oy L0510 PPN
Pl a6l Bl FoF 754 L [ L 1 g B'G6EE ah L1} SHALICER Clas]
an 1%% 1Ti5r TI1TL HE el £ BE
an ELs Ty L9l ke Tral (|1
a1 134l o111 AT Yl g 491L 1% FET T Il e WRGLIDLE DI1os
Tl o asEde. F HY CERl'sE L
11 o vl [ HE itk o
ns 1] 11 ul TZIL'BL L L (U] P al [Wre LR FEILS
£y u] b JEL HY [asry L&
[ o ¥l 9L HE 5L I'G
ck S5l £y o Tal Lr an &FL Bl S 11 LS5 [HE SOCIHE,
oy
Hyme
Snak]  suwgas B B T ZEMD LM poui
HEnL = L il
.l 1 iy -ladisey I.._____:.-__ PUR | nEg Ay
o abin e ol nEmyiing [xqckd] {Exid| .i_r-. ) |
PGy -~y et peistd O, L] L E LT f9M
-1y AP TR L CLLE AL TR

[ormanee, xad w23 suntad s e oy sad s By B

"UcHfa) 1e03 yns-ub 2 uiseale pasuin ) papdwes sj|am g o] s8Ep #b eyoasaaiem- punpib wasedde pUE BIRR UCE HUSNY0IO)YT BT TP by



Th s ok SOLL ke ik (Y N
H R nHH FuLl Itk et | #0%
Z1 geal s st il Faal et [T oElE e (W TG ST flsim
-] a ES e () Ty gL
- a b5 %k o a1 L'EL
Ll Z5sl L3 a L =33 )1} £k P )1 11 EA1ELLN 0TIy
o
HCHRL S
jusd] e T R T R SV ENFH A Lend nun
A I AEOE wa| ey L
puncll paneide -Jnliney - LT oy Jpoera
jontz el nhiregaey e | s ig] vy (Led |
pEODEOs] ~ucg] we el el JILEN U | O -
-0y S ARG ALY L L) L ]

b  Greund-Waler Uuniity in Unminad Arans and Nyar Baclaimed Surlace Uoal Mines, Penneylvanis and Waat Virginia

[rapta oad Lowjrch 2d sied okl e ey wd sueooe] Ty ad

FerLauay—umba a3 nns-ybiy 2y seaie pausuun w paplces syeas E H) 5a12 0 afiey -2 e punu waedde e BLES URQIE SIEN P Hopy] T XIpeadly



Appendix 3 B

Appandix 3. Sitr sdantification numbers, logal well nomas, canl-sullur-cantent region, land-use clesaification, topographic locanon, dis-
1anca oo mine, and wall dopth for walls samplid.

[MA, hot applicalsle]

Coml sullur
3ite idwniification Locel well . Land-uss Tapagraphic
riurbrdy name H“'“.m cluktificalion location
u High
L= Low
390201080311361 LT4]] I downgrudient from mine Volley
G2 T0u0145%401 LIBT2 H downgridient fram mine Valley
WNASMITSE SR BAD)Z H duwngradion! Irom mine Hillsido
310079582901 BADL1 H downgradient from mine Hillside
1924 SHUR0 1 &5301 HR33Z2 H dueawnigrmbicnt S minc Vaulloy
33291 7079450501 FR773 H downgradient from mins Hillside
395240793 74411 PRI H downgradient from ining Hillslda
3333080035501 MHNGL2Z H duvmgradiont from mine Hillsidvo
IDI040078593401 50831 H dovngmdient firom mine Hillside
FEEROTHMUAMH L0332 H davaigmidisit from mine Hillskir
400434079215201 FAS08 I downgradient from mine Hillside
HHIASSOTHEA214] 50450 H downrgrodient Trom aune Hillside
L00B460T4E 3700 WE3IL? H downgradiont from mine Hillsido
40105 2079590031 W5OTY H dewnpradient from mine Hillgidds
SNIZIITEALTHN WE113 H duwngradice from mine MHillenle
4073190 7928300] WE314 H downgradient from mine Hilliop
4024 | 5078344301 CAd8? H downgradient from mine Hillpida
3253079 1075] WE311 H dovngradien! frem mine Hillside
3650079220201 IN9LT H downgmdient from mine Valley
404736079 23400] AR 104 H aowigrhad gt it iine Yalloy
4040500794 24001 DT4046 I downgradient from mine Elillside
A2 300 TE 30N 1MEnL H Sewng rinslient Tecny iming Villey
AT 207857550 1IN B I downgradicnt from mine Hillside
40544907019 ¥001 AR10? H downgradient feum mine Hillside
4564 2074560 BT407 H downgrudiont Iriom mine Valley
410t SB07 EIRON CRT2d H downgradient from mins Hillsida
A1G20507H06E [0 JEATZ H dewngrkditit ok e Hillalde
4] 509078505701 JEAZ H downgradient From mine Hillzida
4] 1 (AE0TR4%4 301 JEAYA H downgradiznt from mine yaley
4113360795 74901 VEGSS H downgradient from mine Hillside
IS5 1080272501 l.LE412 H in unmined nrea Hillxid
IRS20MN 7160101 30124 11 in ummined urea Hillop
R0 Fasg L. i un e Aned Hilhay
A0NT5IG7RARL |01 WEInY H in urnminzd arcu Millsido
40| 1020792 7380) WEMUD It in unmined areq Hillside
40] 237G 201 30126 H it pomined ares Valloy
0262907909230 it LT H in unminzd arsa Hillsids
A0 RIS TGN ] WE15 H b Wi Atth Hillsideo
4028340792 | 1401 914 H in unmined arsa Hillside
MFIITO7RAEITMH L AASE H in wnmined gren Hillsisde

Dixtanca
fromminm,
i et

491
20
194
28
1)
0
49

L Fi
26
0
va
a5]
ing
4K

P34

iR
492
oy
]
197
OH
98

195
205
295
197
MA
HA
MNA
MA
MA
NA
Na
NA
NA
MA

Wall
depih,
in fanl

balow land
]
LS
6
a0
52
ok
LY
110
#5
44
T0

1314

115

150

W

135

16t
220
42
55
iz
135
1]
154
65
rit]

98
an
63
112
4
200
5%
250
L4
03
g
140
71



M Ground-Water tlualily in Unmined Areas snd Near Reclmimed Surtacs Coal Mines, Pennsylvania and Weast Virginia

Appandix 3. Site idanufication numbers, lacal wall names, coal-sulfur-contant ragion, land-use clazsilication, toppgraphic Iocation, dis-
tance from mine, and waell depth for walls zempled —Contnued

|MA, Aot applicabie)

Coal sulfuy Wall
Sita iduntificwtion Local wall - Land-uns Tapagraphic m““!“ duplk,
numibar Alma rugion climzilicatlan locatian '".m m":" in fenl
H = High infeul below land
L= Low surince
40410R0T9273001  ARI0S H inunmined aren  Hillside NA o
45100704101 THRE3 H in warmined aren Hillxide MA 123
4049240701 55201 ARILOE H in unmined aren Hilixide MA 100
A10FETHTRGLIN)] CE3D H in anrmincd aren Hillside MNA f1o
41 1335079375301 CRIXY H i unmined ares Hilllnp NA 17K
AT31 130804 74901 Suin-0105 L dawnrndionl from miow Hillnide 1,148 L1%
375245081 133401 Ral-022] L dowmgradient from mine Hillaide o84 4495
375420081091 301 Fay-0274 L derwnygradiont frormn it Hilleido 164 #47.%
ITETIN0R 1 1T EO] Fay-0275 L downgradient from mime Vallay fan 213
375829081 14080] Fay-0276 L downimadient fom mido Yalloy 656 102
A5 4081131501 Fay-027H I. duwngradient from mine Hillside 124 417
A75R1R0R 11 3Z 501 Fay-G279 L duwngradient Gum minc Valloy 1,476 LM
JBOINE0R04 32801 Lirh-02E4 L downgradient Irum mine Hillside 1,404 1132
FROTTIORGFN ] W Fay-1i272 I duwngrdignl frum mine Hillsisdc 295 225

JBOISMORI 401010 Do 0260 L downgradienl [rum mine Valley L] 73
FRO4A404] 35144 Boo-i3E L downgendient fron ming Valloy 1640 64
JB0507081145R01 Fay-0270 L ilowngradient from mina Vallay a7 n?
AR07030413 70101 Hog-R 3% L wngeadieni from mins Hil lyiibs 2,131 105
JEDR 18081502301 Boo-025% L downgmdieni from mina Vallay 1.47 HH
SO0 504001 Heo-0254 L dwn gradiend fram milng Hillziide 328 130
JEI 044081 504801 Bon-0257 L downgradiont from mine Yalley (MEY; 120
IR2S0R130970] Kane-10235% 1. dcwngrmdicn® Trem mine Hillzide 1,312 100
JE151 3080584401 Wic-02 12 L downgradicnt from mine Valley 492 235
IR RAR0ADSRUT0] Mig-020% L ipwngradien? Irem mine Yalley 1is 50
3B 1655080543301 HWic 021} L downgredient from mine Valley 44 484
IB1R47D81 234201 Kai-0934 L diwingradient Yo 1ming Yalley 98 105
33193 1080425401 Hic-0214 L dewngradient from mine Valley &30 476
3R201 1940424 301 Mic-0215 L duwngrdient from ring Yalloy 128 irs
3821 | 308042701 Mio=0211 L downgradient from mine Hillzide 1,148 b21]
382]123080381701 Niz-0219 L duvngrvdiont fivin inine Yalley 131 37
IRIA0TORONEL20] Weh-0238 L downgradient from mine Valley 23 .5
AB2A4008048 | 30G] Mig-0217 L duwngradicntl frem mine Valley 492 104
A 2A4A0HA AL Mic- 214 L dorwngraduent from mine Hifligle 42 20
174445081030701 Ral-0220 L in unmincd areu Milltop HA 26
AR PAIGPHUIRDT () Mic-UZ{h [. IR i arey Vallgy MA 115
JEL652080473501 Wic-0208 H in unmined wrea Hilleide NA 208
IBLH3Z001 4044 Kan-0927 L 10 SRt Ak Hillsido NA &5
1821311081031 501 Cla:-014] L in unrmined area Valley NA a0
332636041 431301 Kan-1923 H i v wen Yaltoy MA 73
%284 3081200301 Kan-{352 H in unmined area Hillgida MNa 73
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