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classes were also included in the regression due to their differing influence on recharge to and discharge from underlying

Abstract 19°00W 780 0W Results from streamflow partitioning in Frederick County, Va. for 2001-02, at the end of an extended drought period, yield mean = . e

““““““““ 4\'"‘"”‘“—',7'_'_"'_'_'_—_—_—— S = | | streamflows that range from 3.7 to 10.4 in., mean base flows (effective recharge) that range from 3.2t0 6.2 in., and mean base o | | o N A
In recent years the Northern Shenandoah VaIIey of Vlrglnla and West Vlrglnla has been experiencing rapid growth N Pennsylvania /// ,3%““ . \\\ Washington flows as a percentage of mean streamflows that range from 60 to 92 percent (table 2) Drainage areas range from 2.47 to 153 E?:(Ieir3asglfsa?:Lodgrr:rt&ounr:rygSzd rsS;;mF?;i(:ﬁch;?rsithigrucr;Sccallrorg:)imeaSurementStatlonsmthe edarand Opequon * i.-fr‘"' . I ‘&5 |

- : - : / / A, A D VR - AT ) i inces i, square il ,fet atapresned we computed usin th sofoware package PART (Rutledge, 1993 — 7 990
along the 1-81 corridor and the eastern margin of the Valley. Increased development in rural areas is expected to con- / Allegany R gl B e i mi<, with the smaller drainages generally yielding lower mean streamflow, lower mean base flow, and base flow that com . /%§ |
tinue as new residents commute to the Washington, D.C. metropolitan area. This growth has the potential to pro- T / 6\ Maryiang (\; e prised a higher percentgge of mean streamflow. Results for the_carbonate aquifer system yield mean streamflows that range Sation name saon [e:,";;?i%:;;*;:;:;e] “(",),w Bp":va et D()g rio "R %qu 4
fou_ndly Influence the region's Ia'nd, v_v_ater, and bl_ologlcal resources. Reg_lonal and local resource managers have Garrett /mﬁ\ A | from 3.7 to 6.5 in., effective recharge that ranges from 3.2 to 5.0 in., and mean base flows as a percentage of mean streamflows e e s . R /
major concerns over the region’s ability to sustain future growth. Of particular concern is the sustainability and vul- 900N |- Vs ginia " S _ that range from 77 to 92 percent (Harlow and others, 2005). CotrCrsk o gy 10 usosg 55 o ws s o
nerability of the region’s water resources and the ability to provide a reliable long-term water supply. As of 2000, con- , AER, ; Niddiown, Vi, o olese0 150 ‘o3
sumptive water use in the Shenandoah River Basin was estimated to be 33.4 million gallons per day, and is forecast to ] iefich Contor/ An accurate assessment of ground-water recharge in the Leetown, West Virginia area was needed to develop a realistic oo g s A w o we e -
increase to over 40 million gallons per day by the year 2030. Water use is expected to increase by 30-percent in the Mineral '?der'k ground-water flow model (Kozar and others, 2007). A streamflow-gaging station was installed on Hopewell Run (fig. 3) in April Opson e R 2 O Vo D10V s Mo e e e i
main stem of the Shenandoah, while water use in the South Fork and North Fork are expected to increase by 16-and | & , Hampshire ‘ f?‘ 2003 to provide data for model calibration and to estimate ground-water recharge. Streamflow data for a 30-month period was alue dtemined by graphicl egresion meihods elating logrthms ofbase-flw dscarge messrements i heseses 0 concurntdlly meandischarge vlues |
25-percent, respectively. To address these concerns, the U.S. Geological Survey (USGS) Virginia, West Virginia and S i } evaluated by hydrograph analysis to estimate recharge (Rutledge, 1998) and to provide base-flow discharge data. As a result of S, £/
Leetown Science Centers are conducting cooperative investigations in the counties of Clarke, Frederick, and Warren \74{\ Nl b f 7 the analysis, an average value of 16.5 in/yr of recharge (table 3) were estimated for the Hopewell Run watershed for the period
In Virginia and the counties of Berkeley and Jefferson in West Virginia. These investigations focus on characterizing s S m S, S r e ?’ J Octo_bgr 200_3-Septem_ber_ 2005. Prempltatlon_ r_ecqrds for the nearby Martinsburg alr_port (National Oceanic and Atmosph_erlc ; . . . :ﬂﬁ Tl
the carbonate and fractured-rock aquifer systems in these counties and providing relevant hydrogeologic information [,” (If’ N, 4 ‘ & I;rJud'oun-: Administration, 2006) mdmate_d_anpual precipitation totals_of 53.94, 46.41_, and 39.38 In/yr for.2003, 2004, and 2Q05 respe_ctlvel_y. \ \ \ \ _ Nnhmfn%w{g; /% —— ]
that can be used to guide the development and management of the ground-water resources. Since 2003, the Virginia ; ol 7 Long-term mean annual precipitation (1891-2004) for the airport is 39.39 in. (National Oceanic and Atmospheric Administration, . ; AT S~ - Modelboundary
and West Virginia Science Centers have also participated in a multidisciplinary regional assessment of the water re- Tucker , Grant 7 7 Shenandoa: 2004). Mean annual precipitation for the 2-year period October 2003-September 2005 of 38.6 inches is within 1 in. of the long- *" AT s
sources of the Shenandoah Valley utilizing USGS Integrated Science Funding to develop and investigate methods to / { A term average. Therefore, the median annual recharge of 16.5 in/yr for the period September 2003 through October 2005 was £ ‘$ ) abonate ok
provide insight into the complex ground-water systems in the Valley. -/ N Sh:':iydoah . 7 . lljlsed for”chaiveIopn;entharlid calibration of the ground-water flow model and represents an average recharge rate for the - | ,. ;f! f s e o oo
5 \ ' / opewell Run watershed. L3y e g j St
A specific goal of our current studies is to improve our understanding of the recharge of ground water in the com- f‘fﬂ"‘“’mb\ /“‘{ oo / 4 (R
plexly folded and faulted fractured-rock and karst aquifer systems. Estimates of recharge to these fractured-rock and h | Prince Wiligm Because streamflow data were available only for the Hopewell Run at Leetown gaging station for a 30-month period, recharge Z Sy o r
karst aquifer systems have been derived historically using graphical hydrograph separation techniques and, more re- \\ was also estimated for the Opequon Creek at Martinsburg. Streamflow data has been collected at this station since1947, and Z e ;
cently, from linear regression techniques. These estimates are presented for the Valley as a whole, for different rock S L) R \ provide a measure of the variability of streamflow and ground-water recharge during average and drought periods. The long- oimsonronn Figure 4. Generalized geologic map ofthe Shenandaah Valley showing model boundary,structural blocks,
classes across the Valley, for individual watersheds within the Valley and, finally, for individual watersheds during fh“g Al term average recharge for the Opequon Creek watershed was estimated to be 9.8 in/yr (Kozar and Mathes, 2001). The recharge s | melor faults and hycrogeologie unis
both “average” and “drought” conditions. In spite of the fact that estimates of base flow and recharge from graphical ’ﬂ'appaﬁannock, /7 T rate for the Hopewell Run watershed is higher as a result of the larger proportion of limestone bedrock which outcrops in the srown's
separation techniques have been used for decades, substantial uncertainty is still associated with these estimates. Pendleton iV e 2\> Hopewell Run basin. In contrast, the Opequon Creek watershed has substantial outcrops of the less permeable Martinsburg Table 3. Quaraly cstinate of roud-watrrcharg  nches e Hopowall Fun and Opao
While older, graphical methods for separating runoff from base flow are based on visual intuition, a newer chemical < Forks;,enai@ah . Formatlon. Meteorological records (Cornell U_nlverSIty, 2006) indicate the most recent drought in the area occurred during the
hydrograph-separation method is based on a physical process that can be measured in the field. An ongoing investi- N period from November 1998-January 2000. This was the fourth most severe drought on record dating back to 1835, and was the T e am te i Amm wieen
gation using a chloride mass balance approach to calculate the components of the hydrologic budget for individual N i longest, lasting for approximately 16 months. An analysis of potential recharge for the Opequon Creek watershed, to which e | : : A
watersheds will verify and/or constrain recharge estimates obtained by graphical hydrograph-separation methods. ulpeper N Hopewell Run drains, was conducted to estimate recharge for the Hopewell recharge for the Opequon Creek watershed for the s w26
The Shenandoah Valley was selected for more intense data collection where all current streamflow gaging stations y N 1999 drought was 5.69 in/yr. Extrapolating data from Opequon Creek to Hopewell Run results in a recharge rate of approxi- s MRS e 0o e
are instrumented in addition to selected wells and springs. The objectives of this study are to (1) develop hydrologic J e mately 8.3 in/ yr for the Hopewell Run watershed during the 1993 drought. o 05 Tuoverer Ve T s
budgets for the watersheds and counties of central and western Virginia, and (2) display this information as maps of N / | \ | 2003 375 033 s 2% me o
Virginia by watershed and by county. The hydrologic budget components that will be shown in map view include rain- S oange Yager and others (in press) noted that ground-water withdrawals from wells and springs are equal to 2.4 percent of the mea- EXPLANATION 205 s se dm 0 0m remer
fall, total evapotranspiration, riparian evapotranspiration, infiltration, recharge, runoff, and base flow. // sured base flow discharged from the Shenandoah Valley, suggesting that the aquifer system is near equilibrium and not greatly odtee assigmen st Ve S
/ stressed at a regional scale. There are no major interbasin transfers of water from the valley and consumptive use of water e o e e et o B e s 1908 o e
Introduction ExPLANATION resulting from irrigation is assumed to be negligible. Under these conditions, all of the recharge that enters the aquifer system . A Hopewl Funssanfo
discharges through base flow, and the recharge rate can be computed by dividing the estimated base flow by the area of the et boundoy gy
The Shenandoah Valley Region is located in the northwestern part of Virginia and the eastern Panhandle of West Vir- 20 0@ 0 & o /0 o~ gﬂr&dstlhbeori?rna;rgsv)ager drainage _basin. _The mean recharge rate over the entirg _Shgnandoah Valley s ?‘b"“t 1.3 1nfyr, b_Ut the “"Charge rate in local o
ginia and extends from Augusta County, Virginia to Berkeley and Jefferson Counties, West Virginia (fig. 1). Steadily areas varies as itis controlled by the topography, precipitation and the underlying bedrock. A linear regression was conducted Westvirginia Y e and poundary condiions for he ground-water flow madel of e Leeton area
iIncreasing development of ground-water supplies in the Shenandoah Valley Region of Virginia and West Virginia has 10 20 MILES 1/ using the base tlows presented by Nelms a_nd others (1337) to dete_rmme Fhe relative cc_)ntrlbutlons OT these factors. . o STREAVFLOW ORGE WITH FEALTIVE
prompted concerns over the availability of the water resources to support both an increasing population and sustain SOoN T | / Recharge,_expres_sed as base .ﬂO.W per ba§|n area, wvas computec_:l in the linear regressionas d function of S(_averal variables. . iiiififiiv”fﬁfii”“M°“”°R'”G ,’
a healthy aquatic ecosystem. Recent sustained drought has heightened the concern of local, state, and federal agen- s 30 KILOMETERS ¢ The following be_':ls_ln gharacterlstlcs were included in the regression: (1) mean precipitation, 2) mean elevation, and {3) mean /85
cies, as well as private citizen groups and other water-use organizations, resulting in six county studies and regional Map Scale 1:920,000 slqpe. Th_e DFECIDItf_ﬂIOH values were sca_led from Nelms_ and others (199_7, fig. 4), and the elevations aqd slopes were computed ﬁ‘ :
instream-flow assessment in the Northern Shenandoah Valley as part of the WRD Cooperative Water Program, and — /, using digital elevation models (DEMs) with 30-m resolution. The proportions of the basin area underlain by four major rock @93’%%’#% :
9 .e . ’ )

establishment of the Great Valley Water-Resources Science Forum. Drought and development have impacted

ground_water leveIS and ﬂOWS In Streams and rlvers affectlng the avallablllty Of Water for human needs and pOSSIbly Figure 1. Generalized location map of the Shenandoah Valley of Virginia and West Virginia, showing geomorphic features and model boundary. aqUIferS (1) Carbonate I‘OCk, (2) Ciastlc I‘OCk, (3) metamorphlc I‘OCk, and (4) Western_toe Carbonate I‘OCk (ﬁg- 4) - 0/ e _
affe Ctlng the health Of aquatlc ecosystems ’ / Thte przﬁo.{'l:i?ns Ofﬂ:e baS|n al’ea: r.]tderla”]d ?y the I’OChk C|aSSf(IES \Qleget)thti Only Sk|g?|r|ca£t Vﬁl’lab|e(§f(?]und by/rE?rESS|t?n, |nd|' r/ii?;i::a5;/vr$2t;:;r:j:;23]?&%(;\;2wiﬁséstéggggfgg.gages equipped with specific conductance probes, and counties in
cating tna e variation in precipitation and topograpny IS retiectea oy tne rock clasSs. hecnarge {ncn, In cm/yr) can oe com- R
. . : eferences

: - : - - T : - Recharge puted with the following expression:
The region contains complex hydrogeology, including karstic carbonate rocks, siliciclastic sedimentary rocks, and

' ' ' ' ' ' ' ' e Cornell University, 2006, West Virginia drought periods: Cornell University internet data for drought periods in West Virginia for th iod J 1895 through July 2003 — Based
CrySta”me basemer?t' all of which are hlghly folded and faulted {table 1). The .dlverse. I|tholog!es result in bOth condut Nelms and others (1997) used a streamflow-partltlonlng program (Rutledge, 1993) to analyze flow data from unregulated Rch =139+ 10.8Carb + 9.07Meta + 25.6West Eqn 1 or?r(r:ta arllz;/irz:z:eyfromthe r\lsatic;rngf;rrlacegonuig anpdez’?mzspﬁr;ii Adnrr\rﬁri’rrr;’tlir;ner\rI]:tior?a? Ccl)irrnart(ijttzj%atze(;:aontzr?n A?sievlirr]e:?lﬁ.C?:racsepsesrelzri Fezrlr:rryrm, 2006r:1r?1rl - o
(karst-based) and diffuse (fracture-based) ground-water flow. Ground water is a major contributor to flow in many streams in Virginia to separate streamflow into its ground-water discharge (base flow) and surface-runoff components, http://www.nree.cornell.edu/drought/ WV_drought_periods.html
streams and rivers and has a strong influence on river and wetland habitats for p|antS and animals. The interactions and to estimate ground-water recharge. In using this method, one assumes that the surface-water drainage basin and where the independent variables are the proportions of the basin underlain by the foIIowing rock classes: carbonate (Carb) Harlow, G.E., Jr., Orndorff, R.C., Nelms, D.L., Weary, D.J., and Moberg, R.M., 2005, Hydrogeology and ground-water availability in the carbonate aquifer system of Frederick County,

between ground water and surface water are difficult to observe and measure. Virginia: U.S. Geological Survey Scientific Investigations Report 2005-5161, 30 p.

the recharge area are the same. The validity of this assumption, however, is uncertain. Base-flow discharge is com-

_ _ ™ _ _ metamorphic (Meta), and western-toe carbonate (West). Only three of the four rock classes are included in this equation be-
monly assumed to be equivalent to effective recharge; however, it is not the total recharge for a basin. Total recharge is

. . . . . . N Hornberger, G. M., Raff J. P, and P. L. Wilberg, 1998, Elements of physical hydrology. Johns Hopkins University Press, Baltimore, 302 p.
cause the proportions of all rock classes in a basin must sum to 1.0, so the proportion of clastic rock is included implicitly. The OITDEIgEE AENSPErgel, & T Al DR PGS OT PRYSIEAL IYETDI00Y. JOTNS TOpIKINS URIVETSHY FTESS, BaTimore, e b

Table 1. Lithologic and hydrogeologic units of the Shenandoah Valley. : : : : : ' : : : . L. . ] . _ o . C
o ] 20 m|634500c|d C k| i} |h | V| | | | | | | | | always Iarger than effectlve rechar_ge and_lncl_udes rlparlan evapotransplratlon (RET), which is the quantlty of water correlation coefficient (r2) between recharge values Computed with eqn. 1 and from measured base flows was 0.785. The linear Kozar, M.D., and Mathes, M.V., 2001, Aquifer characteristics data for West Virginia: U.S. Geological Survey Water-Resources Investigations Report 01-4036, 74 p.

Nootmors ormaton Deinage arse-10zsquaromis evaporated or transpired by plants in the rlp_anan zone adjacent j[O streams. RUtl_edge and Mesko (1996, p. B34) noted regression indicates that the recharge rate is lowest in areas underlain by clastic rocks (5.5 in/yr) and highest in areas under- Kozar, M.D., Paybins, K.S., Weary, D.J., and Pierce, H.A., 2007, Hydrogeologic Setting and Ground-Water Flow in the Leetown Area, West Virginia: U.S. Geological Survey Scientific

arcellus Formation — - - I t. t. R t2007-5066, 70 .

arals Frn ) ’_[hat RET generally ranges between .1 and 2 |n/_yr In the Appalachlan Valley and Ridge from Alabe}ma to New Jersey. RET lain by the western-toe carbonates (15.6 in/yr). nvestigations Repor p
SiIuriana:dI(IjJe\i)onian _— N g " B 7 IS also a component of total ET and is usuaIIy Included inthe ET component of water budget estimates presented later National Oceanic and Atmospheric Administration, 2006, U.S. Department of Commerce, National Oceanic and Atmospheric Administration website for airport weather data:

ie 2;”12"3 oszuga o T = it ] I " i i I i " " ] ] i i i i Accessed March 1, 2006, at url http://www.erh.noaa.gov/er/lwx/climate/mrb/.
S L 2 . in this report. Nelms and others (1997, p. 14) estimated a median effective recharge of 8.38 in/yr from 73 basins in the In spite of the fact that estimates of base flow and recharge from graphical separation techniques (as used in Nelms and

Massanutten Sandstone S s ] northern Valley and Ridge Province of Virginia. others. 1997) have been used for decades, substantial uncertainty is still associated with resulting estimates. This is because National Oceanic and Atmospheric Administration, 2004, Climatological data summary for West Virginia, 2004: U.S. Department of Commerce, National Oceanic and Atmospheric
Ordovician _ = I i / ' y Administration v. 112, no. 13, 26 p.

Martinsburg and Oranda Formation | w10 — _ N . . . . . . . . ! !
o o | s L ] | : : : : : : the method for Separatmg runoff from base flow has as its basis visual |ntU|t|on, rather than a phySICal Process such as a mass Nelms, D.L., Harlow, G.E., Jr., and Hayes, D.C., 1997, Base-flow characteristics of streams in the Valley and Ridge, the Blue Ridge, and the Piedmont Physiographic Provinces of

Lincolnshire and New Market Limestone 5 1 19382002 - | [] I | 7inches - . . . . . r Y.y r Gy Vi, r Y.Ly ’ - 7 ’

i o 2 e = e Sont”‘igg;'siﬁt“f‘:;”}‘low measurement IStat'O” ?11 6i|450gr|\(/3|9dar C_refek Inear W'EChEStekr' Vs-r has beenbm opderatlofn i?mce balance (Hornberger et al., 1998). This uncertainty has been reinforced by results that have often been observed in chemical Virginia: U.S. Geological Survey Water-Supply Paper 2457, 48 p.

_ Seckmantown Broup - SR TR e S NESS B une 1g. 1). I'he station i1s very close to the Nort ountain tault zone that marks the western boundaary ot the ' ' ' ' ' ' '

o enchonon Formation | Carbonate rocks = Sl HI L H 11 Sh d th I d th y f honate bedrock. Th tire drai h this station i Y derlai hyd_rograph separations that dl_ffer from results observed in graphical separations. In order to verify and/or constrain the hydro- Rutledge, A. T., 1998, Computer programs for describing the recession of ground-water discharge and for estimating mean ground-water recharge and discharge from streamflow
combron o R I i B : I €nandoan valley and the occurrence of carbonate bedrock. the entire drainage area above this station Is underiain logic budget components obtained by Nelms and others (1997), we propose to use a new method, based on the mass balance records — Update: U.S. Geological Survey Water-Resources Investigations Report 98-4148, 43 p.

waynesboroFornsion ] by siliciclastic bed_rock_. HarIOV\_/ and others (2(_)05) noted that tr“j‘ average annual effective recharge for this station for of chloride in the watersheds, to make independent estimates of the hydrologic budget components of the watersheds. We will Rutledge, A.T,, 1993, Computer programs for describing the recession of ground-water discharge and for estimating mean ground-water recharge and discharge from streamflow
CambrianACh'iIhOWti:eGrOLip _ - 1938-2002 was 7.7 In. (flg 2), with base-flow dlscharge comprising 60 percent of mean streamflow. The average annual compare the results from the chloride data to updated estimates of base flow by graphical separation methods. and compile records: U.S. Geological Survey Water-Resources Investigations Report 93-4121, 45 p.

ntietam Formation 0 ' ' ' l l l | | | l l l l . . . . . . . . - //

\I;lifrpe:tSFoFrmati? 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 effectlve reCharge fOI‘ 2001 '02 (dur|ng drought Condltlons) was 62 In., Wlth base-ﬂOW dISChal‘ge aga|n Compr|S|ng 60 water bUdgetS for a” Of the WaterShedS and Coun’[ieS (ﬁg 5) in Central and western V|rg|n|a Rutledge, A.T., and Mesko, T.0., 1996, Estimated hydrologic characteristics of shallow aquifer systems in the Valley and Ridge, the Blue Ridge, and the Piedmont Physiographic
Neoproterazoic e e percent of mean streamflow. The 2001-02 average annual effective recharge is a decrease from the 1938-2002 average Provinces based on analysis of streamflow recession and base flow: U.S. Geological Survey Professional Paper 1422-B, 58 p.

Catoctin Formation iqure 2. Av u iv inuous di . u i ) . . . . .
Mesoprotsevr(i)f:ol::sr;r:rrrrrst;(:lliss Ej’dgf§reﬁkenr§§f®?:cﬁ;ff;?f\}af1r§§8"_35%§_f°r°°”t” ous discharge-measurement station 01634500 annual effective recharge by about 20 percent, which is equwalent to a decrease of apprOX|mater 1.3 Mgal/d over the Yager, R.M., Southworth, C.S., and Voss, C.I., (in press), Simulation of ground-water flow in the Shenandoah Valley, Virginia and West Virginia, using variable-direction anisotropy in

) 102-mi2 drainage darea. hydraulic conductivity to represent bedrock structure: U.S. Geological Survey Scientific Investigations Report 2008-5002, p.



