APPLICATION OF A PARALLEL 3-DIMENSIONAL HYDROGEOCHEMISTRY HPF CODE TO A PROPOSEDWASTE DISPOSAL SITE AT THE OAK RIDGE NATIONAL LABORATORYJin-Ping GwoCenter for Computational SciencesOak Ridge National Laboratory1P.O. Box 2008, MS6203Oak Ridge, TN 37831-6203email: g4p@ornl.govGour-Tsyh YehDepartment of Civil and Environmental EngineeringPennsylvania State UniversityUniversity Park, PA 16802email: gty@arlvax.arl.psu.edu

1 managed by Lockheed Martin Energy Research, Corp. for the U.S. Department of Energy under contract DE-AC05-96OR22464KEY WORDSHydrogeochemistry, High performance FORTRAN, Bi-conjugate gradient stabilized matrix solver, Chemicalequilibrium, Finite element method.ABSTRACT The objectives of this study are (1) to parallelize a 3-dimensional hydrogeochemistry code and (2) to apply theparallel code to a proposed waste disposal site at the OakRidge National Laboratory (ORNL). The 2-dimensionalhydrogeochemistry code HYDROGEOCHEM, developed atthe Pennsylvania State University for coupled subsurfacesolute transport and chemical equilibrium processes, wasfirst modified to accommodate 3-dimensional problemdomains. A bi-conjugate gradient stabilized linear matrixsolver was then incorporated to solve the matrix equation.We chose to parallelize the 3-dimensional code on the IntelParagons at ORNL by using an HPF (high performanceFORTRAN) compiler developed at PGI. The data- and task-parallel algorithms available in the HPF compiler proved tobe highly efficient for the geochemistry calculation. Thiscalculation can be easily implemented in HPF formats and isperfectly parallel because the chemical speciation on onefinite-element node is virtually independent of those on theothers. The parallel code was applied to a subwatershed ofthe Melton Branch at ORNL. Chemical heterogeneity, inaddition to physical heterogeneities of the geologicalformations, has been identified as one of the major factorsthat affect the fate and transport of contaminants at ORNL.This study demonstrated an application of the 3-dimensionalhydrogeochemistry code on the Melton Branch site. Auranium tailing problem that involved in aqueouscomplexation and precipitation-dissolution was tested.Performance statistics was collected on the Intel Paragons atORNL. Implications of these results on the furtheroptimization of the code were discussed.INTRODUCTION Parallelism in computational hydrogeochemistryprovides a framework for the vertical integration andmodeling of biological, physical and chemical processesfrom microscopic to macroscopic scales. Realisticrepresentation of large-scale multiple-objective groundwaterresources management problems becomes possible and theanalysis of these problems becomes achievable withineconomical time frames. Chemical equilibrium calculationsof a hydrogeological system are intrinsically and perfectlyparallel. This property, married with high performanceparallel computers, eases the high memory and CPU timerequirements that may otherwise overwhelm most computerplatforms available today. Speed-up obtained incomputation largely reduces the cost of design and planning,and scale-up in the size of problems and the underlyingphysical and chemical processes provides scientists a vehicleto see not only the trees but also the forest, examining thecontribution of individual component processes to thebehavior of a hydrogeological system. Cost of thesebenefits, however, may involve communication overheadamong processors, high labor cost, and the lack of easy-to-use parallelization software and parallel interpretation toolsthat may facilitate the design and analysis of large-scalemultiple-objective problems. This research emphatically addresses the problem ofeffectively solving large systems of simultaneous partialdifferential equations on high performance parallelsupercomputers. Specifically, we focused on theparallelization of a intermediate size hydrogeochemistrycode, HYDROGEOCHEM (Yeh and Tripathi, 1990), and thescale-up of the code. A state-of-the-art HPF (HighPerformance FORTRAN) compiler by PGI was used toparallelize the code. The insight gained from an applicationto a proposed waste site at ORNL and the efficiency of aparallel bi-conjugate gradient stabilized linear matrix solverwas discussed. This research was conducted on the Intel ParagonsXPS5, XPS35, and XPS150, three distributed-memorymassively parallel supercomputers housed by the Center forComputational Sciences at ORNL. Flow calculations wereconducted on the XPS5 using PFEM (D�Azevedo et al.,1993), a parallel version of 3DFEMWATER (Yeh, 1987).The source code of PHGC3D, the parallel 3-dimensionalversion of HYDROGEOCHEM, and PFEM are availableupon request. Details about the most recent scale-up andperformance information of PHGC3D can be found athttp://www.ccs.ornl.gov/staff/gwo/gwo.html. For moreinformation about PFEM, one is referred to D�Azevedo etal., 1993.THEORETICAL BACKGROUND OF SUBSURFACEHYDROGEOCHEMISTRY A hydrogeochemistry system in a porous medium can berepresented by three sets of equations, namely, the fluid flowmass balance equation, the solute transport equations, andthe chemical equilibrium equations. To use PHGC3D, oneneeds to supply the velocity and pressure head fieldscalculated according to the following equations (Yeh, 1987):

¶q¶t h z Q= � � � � + +( )K ( )

,(1)

vK= - � +( )h z

,(2)where t, q, h, z, v, Q, and K are time (T), water content,pressure head (L), elevation (L), fluid velocity vector (L/T),external fluid sources (L3/L3/T), respectively, and thehydraulic conductivity tensor (L/T). The solute transportequationofanaqueouscomponentj can be represented bythe following equations (Yeh and Tripathi, 1990):

¶q¶qqTt t S P C CM QCj j j j jja ja j+ + = - � + � � �- + -( ) ( )v DL ,

(3)where T, S, P, C are the total analytical concentration(M/L3), the concentration (M/L3) in the absorbed, theprecipitated, and the aqueous phases, respectively; L and Mare decay and source/sink rates (M/L3/T); and D is thehydrodynamic dispersion tensor (L2/T). The mass balanceequation of an absorbent component j is (Yeh and Tripapthi,1990):

q¶q¶qWt t W Mj j js js+ = - +L ,

(4)where W is the total absorbent analytical concentration(M/L3). The balance equation of ion-exchange site issimilarly represented by (Yeh and Tripathi, 1990):

q¶q¶qNt t N Meq eq eq eq+ = - +L ,

(5)where N is the number of equivalents of the ion-exchangesite per volume of solution (M/L3). In eqs.(3)-(4), thesuperscript a, s, and the subscript eq represent aqueousphase, solid phase, and ion-exchange sites, respectively.The law of mass action for aqueous complex species i is(Yeh and Tripathi, 1990):

AKXix ix kakN ikxa= �=1

,(6)where A and X are the activities (M/L) of the complex andaqueous component species, respectively; K is theequilibrium constant, Na is the number of aqueouscomponents, and a is the stoichiometric coefficient. Thelaw of mass action for absorbed species i can be representedby (Yeh and Tripathi, 1990):

BKXYiy iy kakN kbkNikya ikys= � �= =�Ł �ł�Ł �ł1 1

,(7)where B and Y are the activities (M/L) of the absorbed andabsorbent component species, respectively, Ns is the numberof absorbent species, and b is the stoichiometric coefficient.The law of mass action for ion-exchange species i isrepresented as (Yeh and Tripathi, 1990):

K

B

A

A

B

ij i

i j

j

j i

=

�

Ł

�

�

ł

�

�

Ł

�

�

ł

�

n n,(8)where Kij is the effective equilibrium constant of the ion-exchanged species, A and B are the activities (M/L) of anaqueousspeciesandanion-exchangedspecies,andn is thecharge of an ion-exchanged species. The law of mass actionfor a precipitated species is (Yeh and Tripathi, 1990):

11= � =K Xip kakN ikpa

,(9)The superscript x, y, and p in eqs.(6), (7) and (9), suggestcomplexed, absorbed, and precipitated species, respectively.The subscript ik of a and b suggests the association ofaqueous and absorbent component species k with thecomplexed, precipitated, and absorbed species i, respectively.Redox and acid-base reactions are considered as subclasses ofaqueous complexation by invoking the principle of electronconservation and the proton condition, respectively. Subjectto appropriate boundary conditions, eqs.(1), (3) - (9)completely define a subsurface hydrogeochemical systemthat was solved by a Galerkin finite element method in theparallel codes PFEM (D�Azevedo et al., 1993) andPHGC3D. The flow equation (1) governs the movement of a fluidin a variably saturated porous medium and is widely know asthe Richard�s equation. The system is nonlinear because thehydraulic conductivity tensor K is dependent on the primaryvariable h; however the matrix equation is symmetric and issolved by a preconditioned conjugated gradient method. Thesolute transport equations (3)-(5) govern the movement ofchemical species in the fluid and on the solid surface. Thevelocity term in eq.(3) is integrated into the matrix equationof a discretized finite element model using an upstreamweighting method. This practice results in an asymmetriccoefficient matrix. A bi-conjugate gradient stabilized (BI-CGSTAB) solver (Barrett, et al., 1994) is therefore used tosolve the asymmetric matrix equation. The relativeefficiency of various preconditioner used in the bi-conjugategradient solver will be discussed later. The chemicalequilibrium equations (6)-(9) are solved using a Newton-Raphson method and are directly coupled with the solutetransport equations (3)-(5). Dimension arrays of PHGC3Dare mostly linearly distributed among the processorsaccording to the numbering of finite element nodes. Thesolute transport system and the chemical equilibriumequations are solved iteratively until the concentrations ofthe chemical species in the two systems are agreed within auser-specified error tolerance.HYDROGEOLOGY OF THE MELTON BRANCHSUBWATERSHED AND THE URANIUM MILLTAILING PROBLEM The Melton Branch subwatershed (MBSW) is a forestedcatchment with steep slopes and a shallow (<1 m) soilprofile, overlying intensively folded and faulted sedimentaryrocks. The vadose zone reaches a maximum thickness of~20 m, locally decreasing to <1 m (following topographictrends). Mean annual precipitation is on the order of 1300mm/y; episodic, high intensity recharge events (often relatedto precipitation events) characterize the region. Saprolite, ahighly weathered shale that contains lenses of clay,comprises a 0.5-3 m zone between the soil horizon andunderlying (unweathered) shale. The original structure of theparent material (e.g. lamination, bedding planes) has beenwell-preserved in the saprolite. The < 2 mm clay fraction ofthe sediment is primarily illite with lesser quantities ofkaolinite, smectite, and interstratified 2:1 minerals (Kooneret al., 1995). Many of the bedding planes, fractures, andother macroporous surfaces are coated with secondary Fe- andMn-oxides and translocated clay minerals (Wilson et al.,1993). The Melton Branch Subsurface Facility has thecharacteristics of a highly fractured site that involves in awide range of chemical reactions. These reactions include(1) ion-exchange of major cations such as Ca, Mg, K, andNa between the aqueous solution and clay minerals such asillite and kaolinite; (2) hydrolysis and polymerization of Alions; (3) ion-exchange of major anions such as sulfate anddissolved carbons between aqueous solution and solidsurface; (4) complexation of dissolved carbons with Al andFe ions, and (5) in relatively deeper aquifers, the dissolutionof CaCO3. The MBSW has been the subject ofexperimentalandtheoreticalresearchfocusedonpreferentialflow and solute transport in the vadose and shallowgroundwater zone at a variety of scales (Wilson et al., 1989,1993; Jardine et al., 1988, 1993 a,b; Gwo et al., 1995).Careful measurements of physical transport parameters (e.g.hydraulic conductivity, porosity) have been made at both thelaboratoryandfieldscales. Topographically, the MBSW is a 0.57 hr subcatchmentthat looks like a baseball park (Fig. 1). To calculate thevelocityandpressurefieldsofthewatershed,weused40%ofthe average annual precipitation (approximately 60% of theannual precipitation is loss to the evapotranspirationprocesses, see Moore and Toran, 1992) as surface infiltrationinto the soils. Three soil layers, namely, the B and Chorizons and the limestone-shale bedrock, were used withinterdispersed clay lenses in the C horizon. Hydraulic

parameters of the soils can be found elsewhere (Gwo et al.,1996; James et al., 1996). The vertical sides of thewatershed, except part of the outflow area near the toe of thehillslope, were modeled as no flow boundaries, and so wasthe bottom of the model. A vertical trench of 13 m wideand 3 m deep was previously excavated at the outflow area tocollect subsurface stormflow water. The upslope face of thetrench was therefore modeled as free seepage face. The entirewatershed was represented by 10,500 elements, and thetransient fluid velocity, pressure head and water content werecalculated at 12,090 nodes. These nodes were regrouped into16 subdomains to perform the flow calculation usingPFEM.

Fig. 1. Concentration isosurfaces of uranium (dark, at 1.10e-7 M) and proton (light, at 9.90e-4 M) at MBSW. Uranium tailing problems that remain from thedevelopment of nuclear weapons by the Manhattan EngineerDistrict, U.S. Army, and the Atomic Energy Commissionare part of the cold war legacy. Various remedial actionshave been taken by the U.S. Department of Energy to reduceemission of gamma radiation and radon gas and its decayproducts (Task Committee on Low-Level RadioactiveWaste Management of the Technical Committee on NuclearEffects, 1986). The acidic tailing waters may result inhuman exposure to radionuclides through various pathwaysand cause health hazard. Numerous incidences of humanhealth and environmental concerns have been reported since1966 (Task Committee on Low-Level Radioactive WasteManagement of the Technical Committee on NuclearEffects, 1986). Major concerns with groundwatercontamination by the tailing water stem from directingestion of groundwater and groundwater discharged intosurface water. Secondary ingestion from crops or stockcontaminated directly and indirectly by tailing water andfrom the crops grown in contaminated soils were alsoconsidered possible pathways. The uranium tailing problem considered here is asimplified hypothetical scenario of tailing water leakingthrough a surface treatment tank on the southeastern cornerof the site (upper left corner in Fig. 1). The initialconcentrations of the chemicals were similar to those usedby Yeh and Tripathi (1990). In their report, they simulatedthe movement of 7 chemical components and 56 chemicalspecies along a 2-dimensional hillslope. The chemicalreactions in this study, including aqueous complexation,absorption/desorption, precipitation and acid-base reactions,were the same as theirs. The solute transport systemtherefore resulted in 84,630 degrees of freemdom in thenumerical model, with 7 solute transport equations to solvesimultaneously at each finite element node. Figure 1 showsthe concentration isosurfaces of proton and uranium at 26.5days after the initial leaking of the tank, which suggestsclearly the vertical infiltration of solute fronts beneath theleaking tank and the depletion of proton near the outflowarea due to the discharge of groundwater.CODE PERFORMANCE AND DISCUSSIONThe scale-up efficiency and performance of PHGC3D insimulating an 8-time-step hydrogeochemical uranium milltailing problem, as of the writing of this manuscript, isshown in Fig. 2. A diagonal preconditioner with explicitmessage passing (during matrix multiplication) handled bynative Intel NX library routines was used for thesesimulations. ASCII file output and input of the velocity,pressure head and water content fields were also handled bynative Intel NX library calls. The chemistry module scaledlinearly as expected; however, the I/O and construction ofglobal matrix (not shown) performed poorly when thenumber of processors was greater than 65. The time used bythe BI-CGSTAB solver was relatively small; however,increasing communication overhead at higher number ofnodes also resulted in more computation time used by thesolver. The relative performance of four preconditioners, namelydiagonal, LU decomposition, Gauss-Seidel, and SSOR(symmetric successive over-relaxation) in the BI-CGSTABsolver is shown in Table 1. The diagonal preconditionerwas the best among the four in terms of per-iterationefficiency. LU decomposition of the asymmetric 186 x 186local matrix proved to be very expensive and resulted in thepoorest performance in both per-iteration efficiency andabsolute run time among the four preconditioners.Approximately 73% of the total time required for 8 timesteps was used for linear solve, of which 96% was used for

PHGC3D Performance (Dec. 1996)0.00%10.00%20.00%30.00%40.00%50.00%60.00%70.00%80.00%90.00%100.00%11 0 1001000No. of Processors

computation time (%)

8 time-step simulation chemistry equilibrium

I/Obi-conjugate gradient solve

Fig. 2. Scale-up efficiency of PHGC3D using an 8-time-step simulation.LU decomposition. In terms of linear solve time, theGauss-Seidel preconditioner (one forward-backward sweep)outperformed diagonal preconditioner with narrow margins.The relatively smaller linear solve times as compared withthe preconditioner times suggest that HPF intrinsic calls forvector inner product used in PHGC3D also consumedrelatively large amount of computation time. Thisobservation also suggests that, at relatively higher numberof processors, performance of the linear solver maydeteriorate because of higher HPF massage passing overhead.Table 1. Comparison of preconditioner performancetime*diagonalLUdecomp.Gauss-SeidelSSOR

PC/I11338.354.554.34

LS/I1111.601.131.48

LS2132.750.961.37

LS time119.690.931.27

*Notation in this column: PC = preconditioner, I = iteration,LS = linear solve.1Computation times were converted to the percentages oftotal run times and then normalized to the percentage timeof diagonal preconditioner.2Computation times were normalized to that of the diagonalpreconditioner. Only one run using each preconditionerwas used. The relative performance of ASCII text I/O using HPFcalls and native Intel NX read/write statements is shown inTable 2. No parallel I/O was used for the NX I/O calls, andthe numbers shown are relevant only to ASCII text outputof relatively small numbers of variables in each writestatement. HPF I/O was about three times slower than NXnative I/O calls in terms of performance per time step, and14 times slower in terms of overall performance within thecode. The authors observed, however, that NX FORTRANunformatted input and output of relatively large sizes did notresult in performance gain over HPF I/O (data not shownhere).Table 2. Comparison of I/O and message passingperformancetime*reference!HPF I/O!!HPFmessagepassing!!!

MM/I11-34.91

LS/I11-5.48

LS21-8.59

I/O/T113.02-

I/O2114.16-

*Notation in this column: MM = matrix multiplication, LS= linear solve, I = iteration, T = time step.!The reference case used the diagonal preconditioner (seeTable 1) and native Intel NX calls for file I/O and messagepassing.!!Only output of ASCII text was compared.!!!Only message passing for matrix multiplication in thelinear solver was compared.1Computation times were converted to the percentages oftotal run times and then normalized to the percentage timeof the reference case.2Computation times were normalized to that of the referencecase. Only one run of each I/O and message passingmethods was used. In order to test message passing efficiency of HPF, wealso compared HPF gather operation with NX nativeroutines in which only data relevant to the currentsubdomain were gathered from its neighbors. Without thefreedom of gathering data from neighboring subdomainsonly, the HPF gather operation in PHGC3D uses anassignment statement that copies data distributed on theprocessors into a local working array. As expected, thisoperation resulted in passing unnecessary data and relativelyhigher overhead. The performance of HPF gather operationmay deteriorate quickly if more processors are involved. Theperformance data shown in Table 2, using 65 processors,suggest that NX native message passing operation was 35times faster than HPF gather operation. This gain inmessage passing translated into 5.5 times performance gainduring linear solve.

CONCLUSIONUsing an HPF compiler to parallelize a hydrogeochemistrycode, we were able to achieve reasonably high efficiency in arelatively short period of time. However, we were able toachieve only 40% of linear speed-up using 65 nodes, andthere are still ample amount of room for performanceoptimization. Resorting to NX native library calls to gainadditional performance reduces portability and is not the bestway of achieving acceptable parallel efficiency and utilizingparallel computational resources. During this work and thewriting of this manuscript, the PGI HPF compiler had beenupgraded a few times. Compiler technology and parallelapplication development are evolving processes. The resultspresented here are meant to be used as a reference point alongthe evolving processes of a compiler technology. Insummary, this work has shown that (1) HPF is a viable toolfor achieving reasonable performance gain in a relativelyshort period of time, (2) chemical equilibrium calculation inhydrogeochemistry codes scales perfectly linear, (3) diagonaland Gauss-Seidel are more efficient than LU decompositionand SSOR in a bi-conjugate gradient solver, and (4) moreeffort is needed to address I/O and message passingperformance of HPF codes using domain-decomposition.ACKNOWLEDGMENTThis work was funded in part by the ORNL Partnership inComputational Sciences (PICS) program, supported by theDepartment of Energy’s Mathematical, Information, andComputational Sciences (MICS) Division of the Office ofComputational and Technology Research.REFERENCEBarrett, R., m. Berry, T. Chan, J. Demmel, J. Donato, J.Dongarra, V. Eijkhout, R. Pozp, C. Romine, H. van derVorst, 1994. Templates for the Solution of LinearSystems: Building Blocks for Iterative Methods. SIAM,Philadelphia.D’Azevedo E. F., C. H. Romine, L. E. Toran, O. R. West,and J. P. Gwo. 1993. High performance computing forenvironmental modeling and remediation. Supercomputing93, Portland, Oregon, Nov. 15-19.Gwo, J. P., L. E. Toran, M. D. Morris, and G. V. Wilson,1996. Subsurface stormflow modeling with sensitivityanalysis using a Latin-hypercube sampling technique.Ground Water, 34(5): 811-818.Gwo, J. P., P. M. Jardine, G. V. Wilson, and G. T. Yeh,1995. A multiple-pore-region concept to modeling masstransfer in subsurface media, J. Hydrol., 164, 217-237.James, B. R., J. P. Gwo, and L. Toran, 1996. Risk-costdecision framework for aquifer remediation design. J. ofWater Resour. Plann. and Manag., 122(6): 414-420.Jardine, P. M., G. V. Wilson, and R. J. Luxmoore, 1988.Modeling the transport of inorganic ions throughundisturbed soil columns from two contrasting watersheds,Soil Sci. Soc. Am. J. 52, 1252-1259.Jardine, P. M., G. K. Jacobs, and G. V. Wilson, 1993.Unsaturated transport processes in undisturbed heterogeneousporous media: I. Inorganic contaminants, Soil Sci. Soc.Am. J., 57, 945-953.Kooner, Z.S., P. M. Jardine, and S. Feldman, Competitivesurface complexation reactions of sulfate and natural organiccarbon on soil, J. Environ. Qual., 24, 656-662, 1995.Moore, G. K. and L. E. Toran, 1992. Supplement to aHydrologic Framework for the Oak Ridge Reservation, OakRidge, Tennessee. ORNL/TM-12191. Oak Ridge NationalLaboratory.The Task Commission on Low-Level Radioactive WasteManagement of the Technical Committee on NuclearEffects, 1986. Management of inactive uranium milltailing. J. of Environ. Engr., 112(3): 490-537.Wilson, G. V., J. M. Alfonsi, and P. M. Jardine, 1989.Spatial variability of saturated hydraulic conductivity of thesubsoil of two forested watersheds. Soil Sci. Soc. Am. J.,53, 679-685.Wilson, G. V., P. M. Jardine, J. D. O’Dell, and M.Collineau, 1993. Field-scale transport from a buried linesource in variably saturated soil, J. Hydrol., 145, 83-109.Yeh, G.-T. and V. S. Tripathi, 1990. HYDROGEOCHEM,A Coupled Model of HYDROlogic Transport andGEOCHEMical Equilibria in Reactive MulticomponentSystems. ORNL-6371. Oak Ridge National Laboratory.Yeh, G.-T., 1987. 3DFEMWATER: A Three-DimensionalFinite Element Model of WATER Flow Through Saturated-Unsaturated Media. ORNL-6386. Oak Ridge NationalLaboratory.