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ABSTRACT

Exploratorystatisticalanalyses of micrr>biological,hydrological and geochemical

damfoxsamplesfromfourboreholes drilled into Upper Atlantic _ PLan seal/mints

nearthe SavannahRiv_ Site,SC, showed highly significant correlations between

(A013CandCFU) andhydraulic conductivity (K). Seditmnt _

(%sand(S), %silt, %clay (CD,and S/C) were strongly interrelated with K and,

the_ore, alsocorrelatedwithba_al abundance. AODe did not correlate with the

coc_n_tions of dissolvedinorganicnitrogen (DIN) or dissolved organic cm_xm (DOC) in

porewater. CFU alsodid notcorrelam with DIN, but a negative relationship was found

between theCFU andDOC forsandy sexJhzmnts,suggesting that microbial activity may

controlporewaterDOCconcentration. In some., but not all boreholes, AODC and CFU

correlatednegativelywith the pore water concentrations of metals and positively with pH.

Pr_xozoan_0e correlatedstrongly with AODC and CFU in the two boreholes closest

rothe rechargeareasforO_eh"major aquifers, lt also correlated with sediment texture

variablcs,but notwithK. Fungalabundancedidnotcorrelatewithtlmabundanceofother

microbialtypeswbcndatafromindividualboreholeswereconsidered;howeveritdid

correlatewithbo_ Imctcfialandprotozoanabundancewhendam fromallfourboreholes

werecombined. Therewas no relationship between fungal abundance and either K or

sexfinxmttextme. We cor_.ludefrom this study that hydraulic conductivity and _t

tcxmmarecloselyrclatzxlmastcrvariablesthatpredictlmctczialpo_fim _ty inthese

mlmzrfaceseffnnentt Metalconcentrations and pH exe less ctmsistem iu theirpredicaivc

va_. NcitimrNnorC_tobegrowth limiting factm% __cewaszt
i

, ]c_ pml), tmt_od by factm_regulating bacterial populations,but the envimnn'ental

factorsregulatingfm# populationsarcnotclear.



INTRODUCTION.,

Until mcendythe terrestrialsubsm'face was not recognized as a habitat for

microorganisms,muchless an ecosystem. Instead, it was germaUy assua_ that little, ff

any, life existedin subsurfaceregions beneath the root zone (1). Petroleum and mineral

explorationindustrieshadreportedmicrobes in deep geological formationsbearing

petroleumandsaflfur(19, 12, 4), but because aseptic sampling techniques were not

routinelyemployed,theserelx_ were not given much credence by microbial ecologists.

In the early 1980's,concernsaboutgroundwater pollution led to renewed interest in

investigatingthepotentialfor biological activity at depth in terrcs'malsystems.

Subsequently,severalresearchgroups obtained subsurface sediments using aseptic coring

techniques. Theresultsof these earlier studies showed clearly thatdiverse and active

communitiesof bacteria,and even fungi and protoz_x, can be found in aquifer sediments,

even at depthsof severalhundredmeters (8). Tnus, the ground work was laid for a new

subfield d ecology focusedon subsurface: microbial processes.

Theobjectivesof subsurface microbial ecology are similar to those of general

ecology: (1)descr_tiooof theabundance, distribution and activity of resident populations,

in this case _ fungiand protozoa, and (2) identification of environnx_tal controls on

: these populations.Considerableprogress has been made towards describing where and in

what densitiesmicn_s arefound in aquifer systems, although many more sites must be

examined beforehro_ generalizationscan be made. By contrast, little re.sear_ has been

towardsthemoredif_ult task of identifying en_tal contrt:d._.

Tho¢ mc_ basicapprv_hes used by ecologists to ideatify conw01_g

¢m,irmmm_ f_m: (1) Ssmp_ can be collecu_d f_m the¢nv_mmcm under study, and

theirbio_ _ md physical c_ quantified. The datattmncanbe

. analyz_ statisticallyforccrrflaions between populations densities and mvirom_ntal
am

! factors. (2)Samplescartbestudied in laboratory or field experiments in which a single

environmentalv_ is manipulatedwhile oOmrs remain constant.The response to a
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single variab_<:willrevealwhether it is a controlling fact_. The two approaches arc best

..... used in _ ts e._ has its own strengths and weaknesses. Correlation anMysis

suffers fromits inab_ityto establish causality. Often it is unclear which of two related

variables is imlelxtXlmt.Worse, two variables may correlate not bexaasc they influence

(mc anrxl_, butbcctu_ tbcy src both related to s third independent factm. Through

stringentcoauoLs,_ exlxa'imcntsmay providereascmablcpr(x_ofcauseand

effect. However,cxixtitmntal conditions often differ so much from tho_ in situ that

extrapolationof laLx_taryresults to the environment is risky.

Theax_ intensivestudy of deep subs)Mace microbiology to date has been the

Deep ProbeProjectof d_cU.S. Depammnt of Energy (DOE). In 1956, three boreholes

were drilledthrtmghUpperAtlantic Cx_tstalPlain sediI_nts on DOE's Savannah River Sit,

(SRS), At_zea,SC, to depthsbetween 210-280 m. Two of these bor, hole.s, P29 and I:'28,

were drilledwithin3 km olrone another, while I>24was drilled - l0 kln to the Southeast

and down diprclativ, ta theprominent aquifers (see Sargent and Fliernmns (16) for site

descriprioas). A fourt5Iz>le,CI0 was drilled in 1988 and penetrated the gmtmd to a depth

oi"530 m. ltwas10¢at_outside the SRS, -20 kin Southeast of P24. In this paper, we

haveusedstatisticalo0rrtlatioo_analysestoexploretherelationshipsbetweenmicrobial

populatiotldcmitie,andthephysical and chemical properties of samples fxc_ the four

boreholes. _tc evidencethat drilling fluids penetrated some .rumples, ,andmay have

compromimi theirporewaterchcraistry (7), the pore water chemistry dam ga_ during

tl_ Deep Prt_ studymc indmted in our m'mly*ocs.We believed it wu better to seek

c,ota_latk:miuIc_ than#ca dam than to ignore _ data all toge,tizr.

MATERIALS AND METHODS

Thepcpuhfim_si .tym_surcn_nts included in _hcanalysis wcrc those measured

in our la_ atCcnwAlUniversity, using rncthods dcscdbed previously (17): viable

ptrsozoaandfungi(frommostprobablenumbertechniques), total bactaJa(acridineorange
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assaysemployN wereassun'_ to be at the lknit. Standard tables were used to determine

the statistical signifzanc_(p < 0.05) of each r value based on the number of data pairs

availableforanalysis.Variablesforindividualboreholeprof'tlcsandforindividual

geological for_ gross the four boreholes were compared using two-tailed t-tests

(gain with p < 0.0_

RESULTS

Microbial Distribution and Abundance

Visual_ of the vertical profiles for distribution of bacteria in each oft he

fourboreholes (Fig. I) suggested that bacterial density does not decrease progressively

with depth. Correlationanalysis supported this conclusion: when data from ali four

boreholes wereconsidered,the r values for both log AODC.gdw "1 vs depth (r =-0.21)

andlog CFU. gdw"I vsdepth (r ----0.05) were below the threshold for shatistieal

significance(r < -025, for a negative relationship). Moreover, correlation between our

index of potentialfarbeterotrophicgrow,h, log CFU/log AODC, and depth was very close

to zero (r = .4).01).Althoughfungi and protozoa were present in lower numbers than

bacteria,theirpOlmhtiondensitiesalsoshowednodecreasingtrendswit/,,depth(logfungi

vsdepth,r=.0.2ff,andlogprotozoavsdepth,r= -0.26(thethresholdvaluefor

significancehazwasr=-0.30becausethesamplesizewas smallerthanforother

groups)).

The v'_ty withineachvertical profile was substantial. AODC varied over 2

cadca,sofmagnitudeandO_ ova"7ordersofmagnitude(Fig.I).Some ofthis

variabilitynightbettm'butedtovtfiatious of _virom_nml factc_ be_eea geological

formations. "I_aw,, w_ comlmnxl the me,sn densities of bacteria (AODC and CFU),

fungi and protanmwithineach geological formation (Table 1). These results suggested

that some fonmtians (e.g.,the Congarcc) are tnore productive biologically (i.e., have

higher mean _oa densitieshorizontally over the four sample sites) than others (e.g.,

1
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Tob,x.x_Road).,Attractiveas this suggestion may be, ourt-tests did not support it: no pair

of mean_valuesfor individualformatiol_ differed at a significance level < 0.05. This lack

• of statisticalsup[_ fc¢ the data in Table 1 was s_ff, it may be explained by the small

numkerof samples0-17) obtained from each formation. Altm_:ively, facies changes

withina geological_nation, which represent changes in depofitional enviromnent over

timeor space,uxddcause substantial variabtl/ty in environmental factors within a

formationand,thus,have led to the variation we observed in microbial densities.

Thehodax_ distributionof mi_ was examined by comparing the n'ean

values forbiomassestimates in the vertical profiles of each borehole (Table 2). lt was

fotmdthatbacterial(AODCand CFU), fungal and protozoan_tion densities ali

decreasedalongthe_ansect between the P28-P29 cluster aad C10 (Table 2). T-tests

indicatedthatfarbacteria,the differences among the profile means for P28, 1:'29and P24.

which were g'pan_ by 3-10 km, were not statistically significant, while the mean for

C10, whichwas20-.30km downdip from the other boreholes, was significantly lower than

the ¢xhe_. C10wast much deeper borehole than the others (530 m "cs<300 m), but depth

did no_explainia ovenll lower biomass; the bacterial densities in C10 samples from

above 300 m depthwere as low as or, in some cases, lower than those in samples from

deeper than300 m (Pig1). For fungi, the tx'neholes feLlinto two groups: P28 and I'29

containedhigheTfungalbiomass overall than P24 and CI0. Within these two groups, the

boreholemeanvaims for fungal biomass were not significantly different. The values for

protoman Scxma alsowere.lowest in the CI 0 borehole. Protozoan densities differed

! significantlyin eachborehole,except for the P29-P24 pair, whose means could not be

I Correlations _ bacterial abundance and environmental factors

At anticipatedfrom previous work (6, 17), both total (AODC. gdw"1) and viable

- (CFU- gdw"1)bamaialdensities correlated with severa] _t texture variables
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(negativelywith % silt_ % clay (C), and positively with % sand (S), S/C, aJldlog S/C)
t.

a_a signific.anc_'levelof <0,05 (Table 3). In addition, significant relationships were found

• betweenboth log AODC andlog CFU a_ hydraulic condt_'tivhy (K). However, the

magnilufleofr fortherelasl relationshipswas strongly influc,_ed by a few samples with

low,K values;only7 of 42 K values reported in the Deep Probe study fell between l0 "8

and I0-4, whereas35 were between 10"3and 10"1. Log K and the sediment texture

variableswerehighlyinterrelated(r > 0.6 or < -O.7).

NeitherAODCnor CFU correlatedat a statistically significant level with the

dissolvedinorganicnitrogen(DIN) concentrationof pore water (Table 3), an indicatorof

nitrogenavailability.Furthermore,despite the dominance of subsurface microbial

communitiesby aerobichetemtrophic bacterial populations, bacterial bioma_ estimates did

not c¢_mlatesignificantlywith dissolved organic carbon (DOC) concentration. For CFU,

howe,,_r,the _ of the relationship to DOC may have been caused by a small group

of clay-richsamplesfrom which few, ff any, bacteria were culttm_ When only sandy

samples(sand_ 70_) were i_luded in the analysis, a significant negative relatiot_ship(r =

-0.48) wasobtaimdfor _ vs DOC Here it is interesting to note that C10, which had a

significantlylowe_becterialbiomass thanthe other boreholes, also had the greatestmean

DOC concentration,8 mg !"1 compared with means of 2, 5, and 3 rag.l" 1 in boreholes

P29, F28, and1>24(all these means were significantly different at a level of 0.05).

Analysisof thecombined dataset for the four boreholes showed no correlations

between_ bimms (AODC or CFU) and pH (Table 3); but significant relationships

w¢_ fvendwhm dm were examinedbow,hole by _le. Pore water pH values

om_md positiv_ withAODC in _k_ P28 and P29, ml with _ in 1'29, P24

and ClO. _ d_ fca"the overafl dam setmay be explained by the range of pH

valuesrcp_ Neithervery high ambient pH nor very low ambient pH would favor

prolific _ gtm,thon the neutralpH plate-count medium; an opt/trurra environngntal

pH wouldbeextggtcdto occur nearerto neutrality. The lack of cc.,relation might also be

I
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c×p]_nedby no__ of the rclafions_p_twccn rm_'o_a] biomassandpH. Fornon-

linc._"_]ationships,lhccon'c]_onanalysiswe c_plo)_d isnot appropriate,

" In horebol¢P29, AODC and CFU correlated significantly (and negatively) with the

pore warn, concentrationsof seven'almetals: AL Cd, Ca, F¢ cations (F¢+2 + Fc+3), Ni and

Za. Fewerof such relationships were found in P28 (AODC correlated neg_vely with Al

and Zn, and CFUcowelated only with Zn), and no such correlations were found for P24

and CI0. Strongrelationships between biomass and metals in P29 (-9.0 < r < -7.0),

biased the significanceof relationships within the overall data set; AODC c.(x_lated with

Zn, and CFU with Al, Ni, Cu and Zn (Table 3).

Correlations between microeucaryote abundance and environmental factors

Relationshipsbetween fungal density and environmental factors changed from

boreholeto_ Fm'th_, thecombineddatasetforallb(x_olesyieldeda

differentsetofrelationshipsthanwasfoundfortheindividualboreholes.Forborehole

P28,noneofthemcastr_environmentalfactorswasber_latcdtofungalbiomass.At

P29,CFU,K,% sand,S/C,pH,andtheconcentrationsofDIN,Al,Ni,andCd all

c(x_latcdpositivelywithbiomass,whileFecationsand% claycorrelatednegatively.For

borehole P24, there was a negative correlation with Za, and for C10, a positive correlation

withFccations.Theoveralldatasetindicatedpos,.'fiverelationshipsbetweenfungi and ali

threeoftheotha"l_ologicalparameters(AODC, CHJ, andprotozoa),negative

relationshipswith DOC and pH, and a positive relationship with DIN concentration (Table

3). lt showed no relationshipbetween fungal density and either the seditm.nt texture

variables or g.

Protozmndensitycct'mla_ strongly with AODC and CI_ (r > 0.7) at the two up..

dip sites (I'28 andir29),but not at the lower sites (I_ and C10). No relationship between

protozoanabundanceand pore water chemistry was indicaw.d for boreholes P28 andP29,

w_ atP24andCIOsignificant correlations were found between protozoan biomass
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and the concentrations of Fe cations (negative) and Ni, respectively. Protozoan density

correlated with K only in borehole P29. It correlated with sediment texture variables both
q

in this borehole and in P28. Using the entire data set (Table 3), we found significant

relationships between protozoa and each of the following: AODC, CFU, fungi, sediment

texture variables (% sand, % clay (negative), and log S/C), Cu and Cd (negative).

DISCUSSION

This study provides statistical support for the now common observation that below

the root zone and down to several hundred meters, microbial abundance does not diminish

progressively with depth (2, 14, 17). However, this observation should not be int_rpreted

to imply that microbial biomass is uniform within subsurface sediments. To the contrary,

the microbial distribution and abundance data set examined in this work showed

considerable spatial variability. Over vertical profiles, bacterial, fungal and protozoan

densities fluctuated over at least 2 orders of magnitude, and boreholes 3-30 km apart had

significantly different profile means for microbial population densities (Table 2).

We hypothesize that underlying the observed spatial variabiLity in microbial

abundance are physical and chemical factors that control growth and that reflect

enviror,mental heterogeneity. Our long term objective is to identify the factors controlling

growth. This would enable us to predict the influence of environmental factors on the

function of subsurface ecosystems.

Several Deep Probe investigators (2, 5, 9, 11, 17) have already reported

relationships between bacterial biot:ross or activity, and sediment clay content or S/C ratio.

We confirmed these relationships, and also found that other sediment texture variables (%

S, log SlC) correlated with abtmdance of microorganisms (Table 3). Sediment texture may

simultaneously affect man:,, other environmental factors important to microbes: hydrauLic

conductivity (K), pore size and water availability, to name a few. Thus it would be

desirable to examine the influence of these sediment-texane related factors independently.
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In this w._, we ,,_rc able to examine _ influence of K. Our statistical analyses

s_wed _a_ bacterialdensity 0x_h AODC and CFU) corrclamd with K at a level of

statistieMsigaificamzsimilarto thatof the density-_t texturt relationship (Talle 3).

h addition,Ktad thesediazat tr.xiar_variables were ali highly intezrelat_ Thus, it

appearsthe _ of seditmm Ir.xam:on distribution and alxmdaac, of microbial biomass

may Ix _ to its fft'cctoa IL In tta'n, the influence of K is likely to be _ to its

influeaccon nutrientand eleox)n acceptor supply rates.

11_epmd_'tivity of most ecosystems is nutrient limited, usuaUy by nitrogen (e.g.,

in forestsandcoastaloceans) or phosphorus (e.g., in freshwater). Unequivocal evidence

fornutrientlimitationusuaUyis achieved through ex_ntafion. Howcve,, exploratory

statisticalanalysessuchas those_nted in this paper can provide some clues about

regulm_ rolesof nutrients, la the Deep Probe sediments, neitlza" C nor N appeared to be

growthlimiting,asindicatedbylackofstrongpositive_latio_s bctw_..nmicTobial

abundanceandtheDOCandDIN concentrations of p(x¢ watlm'. Howevez, these ¢sdmatl:a's

ofC andN avery neglectnutrients_tcd with particles(eitheradsorbedon

sediazamorzmlxnfilysto¢_inmicrobes),andtheydonotadequacyreflectnutrient

levelsinthamghflowingwarn'.IX3CandDIN valuescanIx:takenasmeasuresof

standing_ baltheyarertaIlyw._idualquantities whichreflectan instantaneous Mlan_

betaeen porewaternutrientsources(mineralization, desertion, inflow, eat.) and sinks

(microbial_mte, _xption, _tflow, cfc).

N_aattzlm, autrieatc(_:r.auatioas can provide vaduable inf_ about

mlaficmships_ m_ supplies (S) and microlial de.maml (D). Wlmn S>>D,

thedissetved_ (fa_t is oo_tmll_ by _ _ ('ge., mi_

_ wotddbe I mali firmt¢lat_ to othea"flux_). This seems to have been thee.asefor

ni_ in thz ikep Pr_ indies: neit_ the AOlX2 nor the C_ of bacteria _ated

with pine waterDIN. F_ many sediment samples showed relatively high pore

waterDIN¢mccntratiom(rag-LI)when compartd to the concentrations in N-limited

_, ,llrl_,,pm, ,,rlrl ,, ,, ....... i, , ii, , ,r tilI ,, rr,....... p_ ' ,, . '1" ,. nr PI I'I ' .' '+r ' r,n 19I '+1 ...... I"[I " ' _lll,_l,rl' i,i1+, iv , ,1_ ++
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lxlagic ecosyst_ns, typically _g,L1 (I0, 18)). Drilling fluid intrusion could not b¢ blamed
,J

forthehigllconcentrationsin pott watu's. In most instances, the DIN concentrationin

- drillingfluidswas _low the d¢_ lm_iL

_ becon_ important in controllingthedissolved ctmc.ntrations of

nutrientsts themagnitmi¢of S tplm_he.,s that old (sot Lgvin¢ (13) fca"6crofts).

ProvktedthatS > D, an inverse relationship between biological density and nutrient pool

size shoulddevelop. Sucha relationship was found for CFU and IX)C c.om,eatration in the

Deeplh'obesamples. Drillingfluidintrusioncould not have produced this negative

relationshipsincebothmicrobial densities and DOC concentration were greater in driUing

fluid thaninmostof the sediments.

For agrowth-limitingnutrient, S = D at steady state. Equality is maintained by

microbialpopulations,whose dcam_ rise and fail with S. TM dissolved pools of

limitingnutricmsa_ as fully depleted as is physiologically possible at all microbial

deasiti¢,. Nora of the nutrients which we examined in the Deep Probe data _t showed tlm

cMnclefist_ of a limitingnutrient. However, w¢ did not attempt to correlate Mctezial

densitywithphosphcrmconcentration, for the pragmatic reason that Total P was

undet_mb_ in almostevery po_ watersample (thus there was no spread in scatterplots).

Aitlxmghlowpor¢waterP conctntrations might be attributable in part, or wholly, to

ab/odcprtxzssessuchas phosphate pr_pitation and adsorption of P onto sedimem

particles_it is also possiblethat they ttflect exhaustion of P _ by microorganisms.

Evidcac, _g thehttcr hypothc,is was prtscnted by Ptmlps and Whim (15), who

foundthat_ t_:klitionsto subst_aoe sedime..ntsconsist_ stimulat_ 14C_

lipi wZ,m=snitmg and  mdmmts oatyoccasiomnyhad
this effa:L

T_ eWlomoty mtistical malysis repart_ in this paper sets the stage for

exlmdmmttlwork tott_t hypotlgscs co_g nutrient|imitations on microbial

atmmiancginolig_ subsurfatmsediments. Such expczin_ntal work shoqddalso lead



to a better underst/mding of the physical and chemical factors affecting microbial activity in

these sediments.
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. Fig.1. Vest_ pries for AODCandC)U de..nsideswithin four boreholes at the

SavannahRiversi_ $C.
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Table I. Meanmicrobial densities for different geological formations. Only formations

.. fromwhich3 or_ samp!es were obtained are included here.

Logarithm of numbers per gram dry weight

Eemaliaa _ _ _ er.atua
i

Tobacc_ Road 6.62 2,57 -0,03 -0.70

OryBranch 6.54 4.44 0.32 .0.11

Grifl'msl,an6mg 6.80 4.56 0,81 0.39

Conga.'w 7.51 5.81 0.52 1.11

Ellentoa 6.90 3.55 0.27 -0.05

Peedee 6.81 4.80 0.30 0.23

BlackCreek 6.97 4.87 0.40 0.12

Middendorf 6.89 4.86 0.61 0.61

Table 2. Verticalprofilemeans for m,.'crobialbiomass w_thinthe four boreholes a_the

SavannahRiver$iL

Logarithm of numbers per gram dry weight

_ _ EaagL Er.gta_s

P28 7.07 7.02 6.87 6.40

P29 7.02 5,73 4.29 3.51

P24 6.87 0.72 0.26 0.03

i CIO 6.40 0.40 0.31 .0.09
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TABLE3. Correlationcoefficients (r) for relationships between microbial density in SRS

" sedimentsaM geochemcal and physical factors. Data from ali four bore holes are

combircd. Statisticalsignificance (p _ 0.05, *) was iruticated for bactc_ ('N =60) at r >

0.25or < -0.25, for fungi (N = 56) at r > 0.26 or < -0.26, _ for protozoa (N = 44) at r >

0.30or< -0.30. Ther for individual boreholes are available f:rom the authors at request

Log AODC Log CFU Log Fungi Log Protozoa

Physical Variables
ScdinzntText_

Intemation_Units
%Sand (S) 0.57* 0.59* 0.14 0.39*
% Silt -0.45* -0.52* -0.24 -0.36
% Clay (C) -0.56* -0.57* -0.09 -0.36*
S/C 0.58* 0.53* 0.17 0.44*
log S/C 0.58* 0.58" O.12 0.39*

AmericanUnits
% Sand (S) 0.50* 0.62* 0.11 0.37*
%Silz -0.28* -0.49* -O.12 -0.24
'1,Clay (C) -0.56* -0.57" -0.09 -0.36*
S/C 0.56* 0.52' 0.15 0.43"
logS/C 0.54* 0.59* 0.I 1 0.38*

LogK 0.54* 0.53* 0.07 0.18

Chemical Variables
IXIC -0.10 -0.23 .-0,29" -O.16
DIN 0.12 0.23 0.33* 0.11
pH -0.03 0.17 -0.40* -0.28
MetallicCatkm

logAI -0.23 -0.28* -0.11 -0.06
logCA -43.18 -0.24 -0.13 -0.50*
logCe -0.11 -0.26* 0.21 0.54"
logFe+2 + Fe+3 0.03 -0.19 0.05 0.17
IogNi -0.12 -0.32* -0.11 -0.13
logZa -0.27 • -0.39* -0.01 0.06






