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Two hydrolol(ir:ally differenr lnctl/ilies M.'re chosen 10 rompart' /he tracing CllPQbilily of fluorescein dye 
/u amorphous silica, o po/entially new, groundwotl'r tracer. Amorphou.s silica is commercially pro· 
duttd Ofld is non-loxic, colurle~. 5/oble, ond not ea<ily filrefl!d Qt ubs-Or/Jed. Although the amorphous 
silica ""<ll not de/ec/ed irr eilher /est case. it is /cir Iha/ in the more common, hydrologic karst .systems 
with low wo/t'r s/oruge and single cvmluit 1ranspor1, rhat !he si!ictl would t>e detectable "'"'' 
bad1.gro1md. The silica should alw pro w- useful in tracing betwee11 '"'" wells in a low ro medium 
storage, lcorstic aquif~r. 

itHll0011CTION 

Often in groundwater tracing studies, it is absolutely 
essential that 1he water supply is not colored by the tracing 
material. Two hydrologically different study sites in Texas 
were chosen to test the theory tha1 amorphous silica, a 
color less. non-toxic substance. could be used as such as 
tracer. Jnorder to better quantify the successor failure of 
the material, fl uorescein green dyewassimultaneouslyin­
jcctedateachsite.Thepurposesofthispaper are loreview 
the propert it'!S o f amorphous silica and to compare the effect 
of the two different ground materials on the tracers. 

PttOP(RrtEs or A 1o101PH011s S1uc11: T111ct11. PonNTJAL 

Amorphous silica (fumed silica) is produced by several 
companiesin1heUniledStates andis usedinawiderangeof 
applications in industry . The silica utilized in this experi­
ment was manufact ured by Cabot Corporation in Tuscola , 
Ill inois. The Cab-0-Sil brand of amorphous silica is non­
toxic and has been approved by the United States Food aud 
Drug Administration as a food add itive at levels up to 2 per­
cent by weight. Example foods using amorphous sil ica in­
clude: chocolate powders. dessert mixes, dried dairy 
products, flou r, instant coffee, instant soup mixes, sugar 
and many others. 

Toxicological studies conducted with Cab-0-Sil indicate 
that for acute oral toxicity, Oral LD 50 is greater than 5 
glkg (Cabot Corp0ration, unda ted). lngesfion of water 
carrying I pcrcentsi licaasatracerwould require1heinges-

tion of greater than one-half of the body .,.·eight or an in­
dividua l toexcecd 1he 5 gl kg test conccntration. Therefore, 
a 68 kg pe~on would have to drink 34 kg of water "1th 
10,000 mg/I SiO, per day to exceed the test concemration. 
Thi~ equals approximately 341iters of water per day. 

Thesilicaisformedbythehydrulysisofchlorosilanesin a 
flame of hydrogen and oxygen. Thechlorosilane utilizedis 
silicon tetrach loride vapor and the reaction is: 

SiCI, + 2H , + 02 l.!_~fSiO , i + 4HC I t 

(Cabot Corporation, undated). This produces spheres of 
silicawhkh,bycontroll ingprocessparameters,rangefrom 
7 t021millimicrons indiameter.,.i1h surfaceareasrangi ng 
froml30to400.squaremctcrspergram. During cooling, the 
sphcresmaycollidcandformaggregatcchains,which vary 
insizebutgcnerallyremain inthesubmicron range. 

The small size of !he silica sph cr~ (14 millimicroos for 
this expcriment)andthcsub-micronsizeofaggregatechains 
can be compared to the 30 micron diameter of Lycopodium 
spares. Amorphous silica, when properly dispersed in water. 
5hould move with flowing water very well. This is because 
the •·cry small sizeoftheparticlcseasilyallowst ransport , 
andbecauscthesurfaceoft hesilicaishydrophilicand 
h~·drogen bonds to water molecules as well as other hydro­
gen bonding liquids (Cabot Corporation, undated). 

II is believed that filtra tion of amorphous silica does not 
occur to any significant degree in limestone aquifers where 
groundwater may now through conduits. Filt ration of the 
amorphous silica may occur in very fine-gra ined porous 
media s11•h as alluvium or sandstone . Sorbtion of amor-



phous silica is also not believed to be a problem since the 
manufacturer considers the material 10 be "demically 
inert" (Cabot Corporation, undated). 

The stability of silica over the duration of a trace is cer­
tainly not a problem . Silica is one of the most abundant 
compounds known and is considered completely stable. 
Amorphous silica is approximately99.8pcrcent purcSiO, 
anddoesnotundergochemicalalterationundcrnaturalcon­
ditions. 

Amorphous.1ilicais relativelyexpcruivewhencompared 
tosomeothcrtracers. Forthisexperiment.achemicalsup­
plier charged 53.60 per pound. However, much more silica 
must be uti lized forairace than nuorcscentdyehecausethe 
detection limit offluoresccm dye is much lower than the 
detection limit of silica, detection limits being controlled by 
background concentrations. 

Detection of amorphous silica is, al this 1ime, not par­
ticularly easy. The standard method for analysis of silica in 
waterisacolorimetricprocedurefordissolvedsilica,witha 
working range of 2 to 25 mg / l silica (American Public 
Health Association, 197~). Because the amorphous silica 
would exist in significantly higher concentrat ions and is 
predominantly in a colloidal suspcn, ion, not dissolved, the 
standard method is not acceptabk. For ibis experiment, 
detection was accompfahed using lnducti•·ely Coupled 
Plasma Emission Spectrometry (JCPES) which anal)·zes for 
silicon, andapproximately40othermeta!s, for both sus­
pended and dissolved species. 

It is imperat ive that the background concentration of a 
tracer species be low. Lywpodium spores and some fluores­
cent dyes have proved successful primarilybc:l;ause there is 
esscmially no namral background concentration of these 
materials in groundwater. Amorphous sil ica can be easily 
masked byarelath·elyhigh background of dissolved sllica. 
This backgroundconccntration,controlledbythesolubilily 
ofnaturalamorphoussilica,notquartz(GarrelsandChrist, 
196S)varies fromoncaquifertoanother, but appears to be 
relatively stable in a given aquifer or area. For aquifers. 
SiO, is commonly less than 30 mg/ I (Marquardt and Elder, 
1979). In the Edwards Aquifer, dissolved silica concentra­
tions range from LOto IS mg /I . 

ln summary,amorphoussi!icaappears iobcfavorableas 
a tracer in regard to 1oxicity, tracer mo"ement, chemical 
stabi li ty, and !iltration /sorbtion. The needofatraccrwith 
the properties of amorphous silica may outweigh its higher 
expenscandtimeassociatedwith ha\·ingtoregularlycol!ect 
samples. Althoughbackgroundconcemrn1ionsmayat first 
appeartobeaproblem.1hesmallvariationin silicacon1ent 
in most karst waters allows for even slight chan~es due lo 
tracer injection, to be detected. The following two case 
historiestestthe useoffluoresceinandamorphoussilicaina 
high-storagekarstsystcmandalow-storage allu•·ial systcm. 

CASI I-CAMP Woon. TEXAS 
GEOLOGY ANO HvoROLOGY 

Old Faithful Spring, the water supply for the town of 
Camp Wood, TCJ(as, was first briefly described b)' Long 
(19S8),anddiscussedin alittlemoredetai!hyBrune( l97S). 
Brune (1975) states that Old Faithful Spring (Camp Wood 
Spring) issues through allu.·ium, but its source is from 
ca1·crnous strata of the Gkn Rose Limestone. 

The Camp Wood Creek basin is 74 square kilometers and 
is underlain primarily by Glen Rose Limestone (Figure I). 
Roaring Springs, Cave Springs. and the South Prong 
Springsarethethreelargestspringsproducingthebascflow 
of Camp Wood Creek. The water sinks ror short distances 
in the chert -rich river gravels and reappears on the surface 
untilthefinalsinkpointisreachcd. The slreamisnormally 
dr)· between th is point and Old Faithful Spring which is 
about 7 kilometers away. Only during major storm e•·ents 
does Camp Wood Creek flow all the way to the Nue<:es 
River. 

Figurt I . Dlll inage basi n of Camp Wood Creek and Old 
fai thful Spring. 

METIIODSANDRrsULT'S 

In ordertocscablish a connection between the fi nal sink­
ing point of Camp Wood Creek and Old Faithful Spring, 
fluorescein and the silica were injected into the fl owing 
water. A slurry of silica was mixed by the creek using two 
electric outboard mn1ors in a 55-gallon drum. A 10'.'o 
(100,000mg/ I) slurry of silica was placed into the stream 
and allowed to infiltrate into the streambed. Some of the 
silica appeared to drop out ofsuspcnsinn soon aftcrinjec-
ti on. 



]\1·en1y minute:; later, 0.82 kg of concentra ted powdered 
fluoreSl:ein was mixed wilh water and released to !he stream 
"·hich was flowing al 0 .068 ems. Q11anLificali011 of the dye 
trace was perrormed using an JSCO automatic "·aicr 
sampler and a Tume1 i)c!jigns fluorometer. The first 
.amplcs were taken a10ld t'aithfolSpringsoneandone-hatr 
hours artcr tracer injection. Di>d 1arge or rhe spring was 
0.062cmsatthat time. Thedye b<:gan toarrive at lhc spring 
about 23 hours a fter injection (Figure 2). The original dye 
concentration injected into Camp Wood Creek was 8,500 
mgl l . The maximum dye concentration m~asured at Old 
Faithful Springs was 0.094 mg/ l, m the dye experienced ap­
proximately a 5 order magnitude dispersion. Nlsuming 1ha1 
thc silka..,·011ld be disper$Cd at the samcratc and 1hat the in­
i1ial silica concentration was 100,000 mg/ I (10170), a sllica 
concentration due 1o the 1race material>ofapproximately I 
mg/I wasc:ii:pectcd. The a1·eragebackground SiO, concen­
tralion of 13.271 mg/ I would tend to m~k a l mg/ I max­
imum increa~ unlCS$ the background SiO, concentrations 
were cxtremeh• constant (standard deviation approaching 
zero). The standard deviation of Lh~ silica analyses was 
0.365, which"·ould make a ! mgl l incrcasesignificant {2.74 
~tandard del'iatiolL~) if observed. During the period of dye 
arrival, however, the high~st silica content (a001'C test 
averagc) was0.350 mg/ I. This occurre<l 9 hours after the 
dye peak, and oould not be construed as a significant in­
crease (Pearoc, 1984). 

Figurt ] . FluorcS1:cin d,-,conc,ntralion versnslim, cun·e at 
Old FailhfulSpring. 

The concentration of dye decreasell rapidly and was down 
to0.019 mgi l just20 hours aftcr peak. Forty percent o r th<! 
original dye emerged from the spring within 1hc firs! 100 
hours after injcc1ion. Probably no more than another 10'1• 
emergcddtcr thissince thecurve was approaching'l-Crocon­
centrntion. The rest of the dye mu.;t have been largely ad· 
sorbed by d ay minerals and par1ide surfaces which would 
be unexpected for flow lhrough an o~n conduiL. Ju~t sligh1-
ly before 1he dye rcachcd the spdng, a nearb)' rCSidcnt com-

It is our opinion that this trace was a horderli11ecaseof 
silica effectiveness. lfthedisper~ion was slightly lessorthe 
inicialsi!icaconccmration incrcascd, the 1racewouldprob­
ably havtbeen8ucccssful. ltisimportan11ono1e againthal 
lhe silica appeared to drop out of suspension along the 
streambed at 1he inje.;tionsi1e thuslowering theinitialcon­
centration. In an open karst system of lows1orage such as 
found in West Virginia or Kentucky, lhe silica concentration 
would probably remain high enough to be detected at a 
spring rl'Surgencc. 

CAS~ 2 - EDIVARDS A QutH ll, 5A.'I MARCOS, TEXAS 

The J::tlwards Limestone Aquifer in the llak ones Fauh 
Zone has been well ' tudied and defined as having many 
cavernous sy>tcms that transport water from recharge points 
to the spring outk 1s. Although detailed hydrogrologic 
repons have been published about large areas of 1he region 
(Puente, 1969: Reeves, 1976: M;;day and Rappmund, 1979; 
Klem! ct al. , 1979; Maclay, 1981)Jiule attcntion has been 
drawn tocharcterizing the flow conditions between nearby 
poims within the aquifer. 

G~OLO<:Y ANO HYDltO LO<:Y 

The area arountl San Maroos is underlain by Cretaceous 
Agedrocks thatha•·e beenintensely fauhcd, causing the Ed­
wards Aquifer to be broken into numerous bk>ch. The San 
Marcos Springs issue from Lhe Edwards Lime~tone Group 
along the San Marcos Springs Fault (Figure 3) "'·hich has 
created the Balcones Escarpment. On 1hcsou1heast~ide of 
the fault escarpmem, quaternary allu•i um mamlcs the 
fla tland areas. Nonhwest of the escarpment, 1he hills are 
underlain by the Del Rio and Buda Formations and the 
Eas]c Ford Group 

plaincd of her well water turning green. Subsequent discus· figure J. Location uf 1he Ss n Marcos Springs Fault and 
sions with the drHler showed that the well had been drilled poinls in•·olnd wilh the d)'e tr• ce. 
only through river alluvium . This fact. plus the data from 
the dye-dilution curve, dispel 1he previously held 'oncept The San Marcos Springs is the second largest spring in 
that the groundwater flow was through limestone conduits. Texas with an average now of 4.6 ems ( 161 els) during 1he 



period 1965- 74 {Guyton ct al .. 1979). At the time of dye and 
silica injec1ion, thesprin¥was flo"'·in11 alJ,Ocms (IOScfs). 
Estimated tran~missivities for the aquifer along the San 
M<Arcos Springs Faull are generally over 1 million gpdlfl. 
This dcmoustrates the bighly·CaH:rnous nature of the 
aquifcrandthe grcatamoun1 ufwatcr in storai(earoundthe 
test site. TtJ,,, San Marcrn; Springs are actually composed of 
Ol"eradozcnindividual springorificcs whicharc bt:ncath1en 
to forty feet of water due to an impoundment made by a 
commercial glass-bottom hoat tour operation. Prior to this 
Sh•dy, onl~· one 1racc had been performed to the ~priPg~ 
(Ogden, 1984), so flow paths. "'·atcr-velocitit:S. and the 
degree of interconnection of spring orilices was es.o;cntially 
unknown. 

METHODS AliDRESt:"LlS 

facll's Cave, localed 2.5 km southwest of the springs and 
on the San Marcos Springs Fault (Figure3),waschosenas 
theteMsitcbccause ithas alarge,deep lakeat thehottom 
that was assumed 10 be in hydrologic connection with the 
springs. Approximately 13.6 kg of silica were mixed with ap­
proximately 132 litcrs o f water, ~ielding an initial concentra­
tion of IO'it silica {100,000 mg/ I). Mixing was again by elec­
tric outboard moto r in a SS gallon drum, The slurry was 
pumped down into the ca\'C pool . At the same time (April I , 
1983), 0.91 kg of fluorescein "·as added lo the pool, The 
followingday samplingwa.sinitiatedatthe1.1niverslty's a rte­
sian well (Figure 3) using the automatic sampler. Samples 
"'ere also taken from one of the city's wells by the d ty 
employees (figure 3). Both sites are located along the San 
Marcos Springs Fauhandwere>ampledevery thrcchours. 
Charcoal traps were also placed at the two wells and seven 
of the sprina orifice~ 

for samples collected at 1he artesian well . SiO, values 
range from 12.806 mgll to 14.265 mg/l with a mean va lue 
ofl3.439mg/ l andastandarddcviationof0.J68. Samples 
collected at the cicy's wcl\ ranged fTllrn 13.2, 2 mg/ I to 

14.650 mg/ I "'ith a mean value of 13.60~ mg/ I and a 
standard dC\iation of 0 .230. The small variation in silica 
content wa~ C\idenl that 110 significant t rend of in~reased 
silica content occurred. Only small variations exist, which 
arc normal for a natural system (Pearce, !984). 

Each sample collected was also treated for fluorescence 
using the f\uoromcter. Noneof thesamplesdisr>layedany 
measurable fluorescence (greater than 1 r>Jlb). The great 
amounl ofwater instoragchad eausedthedye to be highly 
dispersed. 

Nine days after injection of the dye (April I 0th), the char· 
coal traps had adsorbed and concentrated enough dye to 
confirm a hydrologk conncc1ion. The next day (April l IJ, 
the charcoal trap al lhe city's well showed the dye's 
presence. The charcoal traps were retrieved by divers from 
thc scvcn springorili\-es On the following day (April 12th) 
and surprisingly only one orifice (Deep Spring, Figure 4) 

Flt urt4. l.ut:11lionof 1heSanMarcosSprlngs orifices 1estcd 
durln11; 1hcdye lnace: (IUO) Ulvcri::t'nl Spri.Pg, (10 l) C•bum· 
bM Sprint. (102) l>rtp Sprint. (llM)Johnn)' W. Spring, 
{106) C.1foh Spring, and ( 107) Hotel Spring. 

was positive. The dye continlied to emerge rrom Deep 
Spring for approximately 40 more days as the May 24th 
samples were negative. Catfish Spring (Figure 8) showed a 
slight prc~ence of the dye on May 18th and lhc dye ceased 
cmcrgiugjust one week later. Water from the other five 
spring orifices never tested p0sitive. 

P rior tu the dye trace. water !.ampleswcrc taken weekly 
b~· di\"ers during the previous year. Close inspection of the 
water chemistry data demonstrated that 1he Deep and Cat­
lish Spring orifices of the San Marcos Springs are similar 
chemically, but quitedil"fcrentfromthcotherspringorifices 
in tempernturc level and dissolved oxygen content . This in­
formation sugges1s tha1 there are two flow regimes quite 
isola ted from one another. A postulated faull was shown on 
Gu>·ton's ( 1979) map that would separate the two sch of 
spi-ings. This fault could have signifi~am enough d isplace­
ment to cause i1olalion of the two now systems. The conclu­
sion drawn from this dye trace is that the water emergirtg 
from the San Marcus SpringS is not from a single a ljuifer 

Cos-nusJONS 

Thetwocasestudiesdemonstra1e 1hatamorphoussilicais 
not a viable tracer in karst systemswithhigh dispersionor 
for alluvial aquifers with high filtration a nd adsorption. 
Most speleologists perform 111oundwater tracing in open 
karst aquifer5 of low storage in whid1 the water is moving 
undervadose conditions. ln1hesckars1aquifers,small sur· 
face streams commonly sink intocaveop<nings and1ravel 
through long, air-filkd passages lo emerge as springs with 
little increase in waler volume. Amorphous silica may be cf-



fective in such .<>ystems. The major drawback to this material 
isitsexpenscandtheneedforsophisticateddetection equip­
mcnt and an automatic sampler. But where a hydrogcologist 
is working under mnuact, the necessity of using a non­
toxic, colorless, and stable tracer may outweigh expense, 
andinfactmaybe lessexpensivethansomeothertracers 
meeting the same requirements. Tracing between municipal 
wellsmaybesuchasituation. 
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