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APPLICATION OF GROUND WATER TRACER METHODS
IN STRADDLE PACKER TESTING AT THE ICPP, INEL

by John Welhan
Idaho Geological Survey
Jeanne Fromm, Michael McCurry
Department of Geology, Idaho State University
all at 325 Physical Sdences Building
Pocatello ID 83209-0009
208-236-3365

The State Oversight Program’s straddle packer sampling system was tested at the Idaho
National Engineering Laboratory during July-September, 1992, in USGS monitoring well
#44. The straddle packer was designed for the Oversight Program’s ground water
research program, to provide a means of characterizing the vertical hydraulic and water
quality variations believed to exist in the eastern Snake River Plain aquifer beneath the
Idaho National Engineering Laboratory. During the field program, tracer introduction
and recovery experiments were conducted to evaluate QA sampling objectives as well as
to assess the feasibility of obtaining additional information on aquifer/borehole
characteristics such as specific discharge through different aquifer zones, integrity of
packer seals, etc.

A total of twelve tracer tests were performed on six different intervals from 467 to 600
feet below land surface (ft bls). Lithium bromide powder dissolved in de-ionized water
was used as a tracer. Br’ concentrations were monitored in the field with an ion-
selective electrode, on discrete samples that were adjusted to constant ionic strength.
The ion-selective electrode response was calibrated daily against Br standards that
covered the working range. Precision and accuracy of Br ‘. sasurements were
determined from replicate analyses of standards and sampies over the working
concentration range and are both better than +4% (2 sigma at 5 ppm Br).

All tracer tests were conducted in two phases: a) Emplacement - introduction of a slug
of a known quantity of tracer, followed by continuous mixing within the test interval for
periods ranging from 8 to 72 minutes (without pumping to surface), during which time
the tracer was diluted by ground water advection through the test interval; and b)
Recovery - pumping of the test interval to withdraw tracer from the borehole interval
and the adjacent aquifer. Once tracer recovery had been completed, water quality
sampling could be initiated, with the degree of interval purging having been defined by
the degree of tracer recovery.

The ‘nitial concentrations of Br™ that were emplaced in the tests averaged 500 mg/l. An
average of 95% of the Br’ that was emplaced in each interval was recovered during
pumping, although in two tests only 22 and 59% of the emplaced tracer was recovered
due to peor mixing conditions within the test interval during recovery, rapid advective
loss into the aquifer during emplacement, and/or too short a pumping pen’o%
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At the end of tracer recovery, and prior to water quality sampling, Br’ concentrations in
the test interval ranged from approximately 1 to 8 mg/l above the 0.45 mg/l natural
aquifer background. The highest residual amounts corresponded to intervals that were
inefficiently purged during pumping or that were pumped for less than 30 minutes.
Residual Br levels prior to water quality sampling can be used to define the proportion
of sampled water that was not derived from the aquifer. However, due to the low levels
of inorganic impurities in the LiBr powder (<100 ppm of other metals), the effect on
measured water quality of such a small residual contamination would be undetectable
for the major ions and would contribute sub-ppb levels of trace metals.

Tracer recovery data (natural log of dimensionless concentration vs time) from multiple
tests on the 495-515 and one test on the 535-555 ft bls intervals are shown in Figure 1.
These intervals were the only two that demonstrated adequate mixing within the
borehole interval during the recovery phase, due to leakage across the packer valve
designed to divert flow to the surface. The tracer concentration-time responses shown in
Figure 1 are characteristic of a well-mixed volume in which the diluting solution (ie.
ambient ground water) has a finite concentration of Br'. The response is characterized
by a an initial, constant, semi-logarithmic rate of decrease of concentration vs time,
followed by a decreasing rate of dilution and a final approach to a constant background
value. A slight flattening of the curve at intermediate times indicates the return of
tracer that had advected into the formation during the emplacement phase.

The return time of advected tracer as well as the apparent background Br’
concentration, C,, was found to increase as longer tracer emplacement times were used,
thus rendering the removal of tracer (plus borehole water) from the test interval more
time-consuming due to the extensive advection and dispersion of tracer into the aquifer.
The magnitude of this effect suggests that in a relatively low-hydraulic head interval
which receives water from the borehole, pre-existing contamination of that zone by
borehole water cannot be removed even by several hours of continuous purging.
Therefore, it is doubtful whether water quality data on such intervals is representative
of the ambient ground water at a distance beyond the borehole at that depth.

The effective volumes of the 495-515 and 535.555 intervals caiculated from the initial
rates of tracer dilution in the recovery phase (the slope of the straight lines) are shown
in Figure 1. Other effective volumes are shown in Figure 2. The calculated volumes in
intervals other than 495-515 and 535-555 were usually lower than the values estimated
from caliper logs, although larger values were occasionally obtained. The wide range of
apparent interval volumes shown in Figure 2 reflect inadequate mixing within the
straddled intervals, indicating that little useful quantitative information can be extracted
from the recovery phase data in all the two well-mixed tested intervals. The apparent
tracer response and calculated apparent dilution volume that is obtained in any given
interval is believed to depend on the position of fracture-controlled conduits supplying
ground water inflow to an interval relative to the position of the pump intake.

Despite these problems the 1992 field data suggest that the analysis of tracer recovery
data has promise as a technique for independently assessing aquifer characteristics such
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as effective porosity and linear pore velocity, if adequate mixing can be maintained
within the test interval. As shown in Figure 3, the tracer recovery data can be treated as
a single-well tracer injection, drift and pumpback test by modelling the dynamic effects
of pure borehole dilution and subtracting these effects from the observed concentration-
time data. A methodology and theoretical basis for treating such data are currently
being developed for future testing of this approach.

Due to inadequate mixing within the test intervals during the recovery phase of the 1992
tracer tests, subsequent discussion of tracer data in this communication is restricted to
that obtained during the well-mixed emplacement phase. However, design modifications
on the packer system are currently underway to provide the degree of mixing required
to fully utilize-tracer recovery data in future.

During the emplacement phase, the dilution rate of tracer in the test interval was
calculated from the observed change in Br' concentration between the time of
emplacement and start of pumping. Since the interval was thoroughly mixed throughout
the emplacement phase by using the pump to recirculate the interval fluid in a closed
loop, a first-order dilution model describes the rate of tracer dilution with time:

C = (C°-C )[exp(-Ot/V) + C,] ,

where C° is the initial Br' tracer concentration in the borehole when the pump began
purging the interval at time t=0 , C, is the background Br’ concentration characteristic
of ground water in the aquifer, V is the volume of the test interval and O is the interval
dilution rate, or rate of flow of ground water through the test interval. Thus, on a plot
of In(C) vs t, the slope of the initial linear portion of the response defines the interval
dilution rate relative to the effective mixed volume, -O/V. Figure 4 shows the semi-
logarithmic dilution rate of Br- observed during multiple tests on the 495-515 ft bis
interval. The deviation of the 72 minute test (8/05) from the straight line shown in
Figure 4 may be a consequence of the finite background Br concentration that is present
in local ground water, or a reflection of non-ideal dilution conditions which may develop
over long times in a fracture flow-dominated medium.

This simple first-order dilution model was used to interpret test results from the
emplacement phase in all intervals. Interval volumes were calculated from the recovery
data or estimated from the caliper log. Calculated interval dilution rates for all tests are
shown in Figure S. From estimates of the cross-sectional area of the borehole in each
test interval, apparent specific discharge (= O/area) was also estimated and is plotted in
Figure 5. Replicate determinations of dilution rate and specific discharge for the 495-
515 interval are shown in Table 1, and provide an indication of the reproducibility that
can be achieved with this borehole tracer method.

Specific discharge values calculated from these borehole dilution tests represent
apparent values since they have not been corrected for flow field distortion around the
borehole and so are higher than the actual specific discharge in the adjacent aquifer.
Comparison of specific discharge values calculated {rom the 495-515 interval ‘ests and
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those estimated from Darcy’s Law (= K, ,, x regional hydraulic gradient) indicates that
the apparent specific discharges calculated from tracer dilution data appear to be high
by approximately a factor of 3-4 (Table 1), indicating the magnitude of the borehole flow
field distortion effect. This is within the range reported in the literature for the effect of
borehole-induced flow distortion.

The profiles of interval dilution rate and apparent specific discharge appear to mimic
the profile of hydraulic conductivity obtained by borehole flow meter logging in this hole
(Figure 6; Morin et al., 1992), as would be expected if hydraulic gradients in all intervals
were similar. However, as shown in Figure 6, the apparent hydraulic gradients obtained
from the calculated specific discharge and hydraulic conductivity profiles, show a large
increase with depth. Although the calculated hydraulic gradients are similar to regional
gradients in the upper, high-permeability portion of the borehole, they are far too large
in the lower part of the borehole where permeabilities are low. One possible explanation
may be that the calculated specific discharge values in the deeper portions of the
borehole are too high due to borehole-induced flow distortion, although the magnitude of
such an effect would have to be far larger than any reported in the borehole dilution
logging literature. An alternative possibility is that large vertical gradients may exist in
the aquifer (as suggested by the high flow rates observed in this and nearby open
boreholes during flowmeter logging; W. Bennecke and S. Wood, pers. comm., 1992 and
unpubl. data), such that significant vertical flow is responsible for much of the observed
tracer dilution in the lower test intervals.

References:
Morin, R., Barrash, W,, Paillet, F. and Taylor, T. (1992) Geophysical logging studies in

the Snake River Plain Aquifer at the Idaho National Engineering Laboratory: INEL
Wells 44, 45, 46; USGS Water Resources Investigations Rept. 92-4184.
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Table 1 - Tracer Dilution Rate Calculations in Interval 495-515 ft bis

Calculated Calculated Estimated
Test Dilution Rate' Specific Discharge  Specific Discharge
Date (in interval) (in interval)
liter/min cm/min  ft/day cm/min  ft/day
7/21 15.86 1.19 56.2 0.35* 16.5°
7122 16.84 139 65.7
7/23 14.73 1.10 520
8/06 14.12 1.13 534
Average

Diludon Rate = 15.39 I/min
RMS Deviation = 1.05 (6.8%)

Footnotes

1. Total ground water flux through the test interval, as calculated from observed tracer
dilution during the emplacement phase

2. Estimated from Darcy’s Law, assuming a regional hydraulic gradient of 0.0015 ard a

hydraulic conductivity in the interval of 11000 ft/day (3300 m/day), as determined by
Morin et al. (1992)

20



"UMOUS SOUWIN[UA [B/ID  JU} SUjEd ULHIIRE (ot
wuasaidai saul| payseq 'siq H GGS5-GZS PuUu G15-G61 SieAsdiul 1s9] ul
aseyd Aionosal Buunp asuodsal awi}-uolelualuod 19ded} Jo sojdwex3y °| ainbi4

sajnujw ‘awiy buidwnd

09 oy cm 1
” d' " "
3 s19§1l 0€3-061=A ", %}
. s
IV \ A or N-l
14 4— v
N St
S19M1] 0BE[BI A ~ 1R
II 44 '! lv "
&I 40 ooco m
N ' *
My ;—/a—a
Ill o- Jvon ml
. (YRS
ll —¢ fo —
II A Y voov u
“ ‘ 00 -
N e
,v AJRE K
M—ﬁ_ ﬂ *' —.N\N- NN\F T/P - ll vo o”— m
" ~ b s
13 /8 ) . :
s - — . 'N”/ o
g2iL ¥—— ¥~ ° |
f NI
s1q 1) 665-S€S VAL o
-
0

21



-a1nBi} Jo 1B UO UMoys se ‘shoj 1adije?
wo4j pajoadxe sawin|oA Wolj Ajge1apisuod JBjIp (sadojs aul paysep)
uonnjIp jo seojel [eniul wol} pajejnoajes sawnoA juazedde 1ey} aloN

-S3WNJOA UOHIN|IP 9AI03Y9 8y} UO Buixiw jo seaibap aIdlip JO SLEITER:N
fuimoys sjeAldjul SNOLEA Ul K10A0931 13081} ig JO SOlsHaoRIEYD C ainbi4

sojnuiw ‘awi) Buidwnd

09 ov 0c 0
~ I MK Ql
II —o Y -
+§__ 00Z1=A . 1911 00T=A ™ || s19yl 4S=A
N )
i"mmEz_o%_anEIca._ana# L-
Il \ \ ]
5 < ml
MB:_ ozt .
($14€0/%ee)| ~----__| ., o-
paxiy ST )
1oN N LLS-1SS w..
HI-00E— s - o~
paxi (u '0/ %001) — | " Q)
ll l
S 1911006 — T~ R € MVJ
poxin ($14 8°0 / %E6) —__| L
—~—— | G15-S6V 2-
s1oM| 00€ ]
POXIN | ($IuGT/%6S)| ~ @ 3 S15-56Y
ION o —— b-
-9 NjoA Paldagx3 G1G-S6V
onjesnp dwnd / Ki1pn0931 ig [eA1aly|
0

22



-aseyd jusweoe|dwa Jadel} 8y} Buunp awi} UOHEINJILD ay} adim} 0} asojd AIsA
10 sejnuiw oz Ajerewixoldde si ‘un ‘awy [2Ae Aem-om) pajewiisa
“1s9} s1y} u] "A}o0]aA a1od seaul| jo dinseall € S| awinjd 132e4} palddApE
ay} jo awi) [9Ael} Aem-om} ueswt 9y} utdidym “1s9) yoeqdwnd pue yup
‘uoijoalul jjom-a|buls e aNJIsSuod soseyd f1an0231 pue Juswasejdws

1990e1] "21mn} uj ejep A1anooal Jaoes) Buizijin 1o} poyidul pesodoid "¢ ainbi4

sajnuiw ‘awl L sajnuiw ‘auf
0 o9 oy G D
c Jajinby ojul pajoaApy
2 019M auin|d Jadel]l ON 49
palaaolalun 1 O j1 esuodsay pajoadxgy
swelb gz~ A —
iy =
i &
pPa19A023i - ey 1v-
ig sweib 6§} 19 W : w
w / 1 &
wy 4 3 asuodsay panlasqo -
418
ERNELTEEE [ PX: A (PoxIW-119M) IBAIBIU| G15-G6Y
AY3A003H JWNTd HIOVHL 1591 g6/2C/L
ol 0

23




"sauwil} uoinjip 1abuoj 1ano juenoduw alow Kjanissaiboad Bulwodsq si

MO[} P3]|0JjUOI-BINJORI} O} NP UOHN|IP WOojUN-UOU jetj} Jo ssas0ud

uolnnjip ayi bunoasye si ig punoubyoeq jey} sysabbns jujod yyi aylL

-uonjenba uonnjip Japio-isily e Aq paqLIosap 8q Ued [eAssiul 8y}

ulyyim uonnjip yeyi buneaipul aulj wbieqs e Buoje |je} spuiod

anl} ayj Jo Ino4 “ejep aseyd Juswaoejdwa wWoJij pajenajed se ‘[eAsdiu;
G15-G6p uo sjuswiadxa ajeoldal uj 19oe4} 19 Jo sojel uohnjid “§ aundi4

sajnujWl ‘auwli] uonenaiid

08 09 oy (114 0
S0/8 =
r/ NI
/l
\‘1/A z- w—
JeAIdu] ui suojjipuod \\ . \Mi
uoninjia PaXiN-iIeA) ._Eo_}_: *\ (@)
1o} pajoadx3y diysupne|ay feaul wo\mt, ~
/7R N Mw
| ~
// .1 —.l
/I
be/L Jm
- 0

24



S 14 £ 4 i 0
ujuIwd
IHHVYHOSIA 214103dS INIHVddVY

o€ 02 ol
unwi/R
31vd NOILNA TVAHILNI

0

sjeasaui [[e ul ab1eyosip oy1oads pue s_.ed uolnjip pajejnoje °G ainbid

0S9

009

0SS

00§

oSy

25



sajed uonn|Ip jooel} pue (2661) 1€ 19
oinespAy wol} pajejndjed se
199e4] paAI9sqo 10} a|qisuodsail }

(poiejnoje)

yuaipesn olnedpAH

gv b S0

0

| L L 4

G000 =
juaipesy
jeuoibay

) Jajowimo|4 pue
ajey uonnjid
laoel] wol}

paienied
jusipesd

olnespAH

jualeddy

=

-4

Kepny ‘N
cOt 104 €01 20

| B | I ¥

L

lajowmol 4

ajoyaloq woi}
pauluualep A

{1 009

1 00S

utiop jo 9yo.d AuAionpuod
‘sjeAtajul 1sa} Ul el uonnjip
uaipelb ainelpAy juaseddy -9 ainbid

ulw/wo
39HVHOSIA 214103dS LINFHVddV
S 4 € c } 0
] [] [ []

1 009

=== 4005
osy SIA Y
yidaqg

26









