Dating of Young Groundwater

L.N. Plummer
USGS, Reston, VA

“Owing to dispersion, the “age’ of a groundwater sample
corresponds generally to a time distribution of many elementary
flows. Thus, except in the theoretical case of a pure piston flow
system, or of stationary waters entrapped in a geological formation,
the concept of groundwater age haslittle significance”

J.-Ch. Fontes (1983) in Guidebook on Nuclear Techniques in Hydrology, |IAEA



Approach to “ Dating” Young GW

Collect water samples without
contacting air.

 Minimize mixing effects by
sampling monitoring wells with

narrow Screens.

 Analyze with high precision for
CFCs, SFg, °H, 3H/3He, and

 Ageinterpretation. Evaluate
multiple tracer datain context
of models of groundwater flow.

e Ageismodel dependent.



Age Interpretation

« Comparison of smulated and observed tracer

concentrations. Lumped-parameter models.
Helpsto have multipletracers from the source,
or atimeseriesfrom the source, or multiple
tracers from multiple sourcesin the system.

e Tracer plots. Method of comparing ssmulated
and observed multiple tracer data; recognizing
cases of possible piston flow and bmary mixing
(dilution); eimination of some mixing models.

 Flow-model calibration and simulation of age.

o All “ages’, regardless of method, are model
dependent.




3H (TU) and 85Kr (mBg m-3)
and CFC's (pptv) and SFg (10-2 pptv)

Sealected Environmental Tracers
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Trittum/Helium-3

Half-life 12.3 year s, decaysto
SHe.

Atmospheric thermonuclear
weapons testing from the
1950's, and especially in the
period 1962-1963

Initial *H measured
Terrigenic He sour ces
Dispersion around bomb peak

e Confinement of 3He

%



Dating with SH/3He

M easur ed
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ZUSGS



Some Definitions

Nam = (He/Ne)4m = 0.288for air excess

Ram = (CHeHEe)4m = 1.384x10°6 for air excess (Ry)

Riee = CHeAHE)e = 2x108for radiogenic helium (R;ag)
= 1x10- for mantle helium (Rman)

“Hem=*Heyg + Nagm® Nesm + “Heir
3Hem = Req>4Heeq & Ratm >Natm> Neatm T Rter>4Heter T 3Hetri

*Hey ="Hep, >(F‘)m' I:\)ter)' 4Heeq ><(I%q' I:\)ter)' |\Iatm>‘(|\|em' Neeq)"(Ratm' I%er)
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Chlorofluor ocar bons

CFC-12 (CF.,Cl,), 1930
. CFC-11 (CFCly), 1936
 CFC-113 (C2F3C|3), 1944

e |nput smooth, increasing until
1990s (dating range ~1950 to
early 1990s).

o Stablein aerobic environments.
* |n future dual ages.

e Useof ratios.

o Can detect post 1940’ s water .

¢ « Collection/analysis not overly
labor intensive.
niReliee e Problemswith contamination,

WE L

degradation (anoxic), sorption?

%’ ew bottle method of collection.

See http://water.usgs.gov/lab/cfc



Sulfur Hexafluoride
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£ 10 voltage switches

J e First produced 1953
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{050 1960 1973e'ar1980 1090 2000  Very low solubility in water.
 Doesnot degrade
 Terrigenic source
 Datingrange: 1970-moder n.
 Smooth input, increasing in
air at 6%/yr; 5 pptv today.
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Dating with CFCs and SF¢

« Henry’slaw solubility C. =K, xp.
* Requirements:

600 .

400 —

» Gas-water equilibrium at recharge
» Recharge temperature
»Baromeltric pressure at recharge
»Knowledge of atmospheric history of the gas

200 -

CFC, SFg Concentration (pptv)




CFC Partial Pressure (in pptv)
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Dating with Ratios

N binary mixtures
of young and old
(pre-tracer), the
tracer ratioin the
young fraction is
preserved.

Atmospheric Ratio (pptv/pptv)
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Krypton-85

» Radioactive noble gaswith a
half-life of 10.76 years.

o 8Kr in the atmosphere has
steadily increased since the mid-
1950s.

e Interpreted ageinsensitiveto
rechar ge temperature, altitude,
etc.

 Doesnot degrade.
 Atmosphereisonly significant

100

8Kr (dpm/cc)
- o

=
o

sour ce.

i » Although difficult to collect and
oortt?—m—»~ L ——~1 1L . 1 analyze, even a few 8Kr can
1950 1960 19\7(0EA1R980 1990 2000 often help resolve questions.



SH/*He
e Cost
e Terrigenic He

« Bubbles, Gas-stripping,
confinement

* Mixing
Sk

*Terrigenic Skg
*Mixing

CFCs

e Contamination
* Degradation
 Mixing

85K r

*Very difficult collection
and analysis
*No labs available to us



Some Practical Applications

(of Inter preted age infor mation)

e Estimate recharge rates.
o Calibrate models of groundwater flow.

* Estimate rates of geochemical and
microbiological Processes (natural remediation).

o Evaluate susceptability to contamination.

e Retrieve historical records of contaminant
loading to aguifers.

e Estimate remediation times.
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 CFC pptv ratio defines age of young fraction.
* % young water (pptv(measured) /pptv(ratio year)) x 100

e Cannot date outside range for ratio.

e Cannot useif one of the CFCsin the selected ratio is“ contaminated”, even
If ratiois“in range’.

 Ratio-based age must be lessthan (younger than) apparent (piston flow)
model ages for both CFCsin theratio.




SH/3He Age Appliesto that of the Y oung

Fraction in Simple Binary Mixtures

SH/3He Age is based on an isotope ratio.

x 3 A
t :1><In91+ i
| e SH,o

| = decay constant = In 2/ty,, = 0.05635 year-1
tyo = 12.3 years



L
HiY

The: Chesapenke By ,.-".;T-"
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Chesapeake Bay Water shed

Region of 165,000 km?2 over parts of
NY, PA, MD, DE, VA, and WV.

Evaluate residence times and nitrate
transport in groundwater discharging
to streams in the watersned.

Assess |ag time between changes at the
land surface and the response in the
base-flow component of groundwater
discharge to the bay.

Lindsey and others, 2003, USGS WRIR 03-4035,

http://pa.water .usgs.gov/r epor ts/wrir 03-4035.pdf

The Chesapeake Bay Watershed
64 000 Square Miles of Land, Water, and People - USGS

At Hae Throvs




USGS Chesapeake
Bay watershed
nutrient study

® Model influx of nitrogen E. Maha

into Bay

Piedmont/

® “Targeted watersheds” 5 Blue Ridge

in high-nitrate-source Valley and pr
areas underlain by Ridge '_ 4, Coastal
varied geology,
Including fractured
bedrock

® What is effect of
bedrock geology on
base flow and ground-
water travel times?

ZUSGS
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East Piezometer Transect

--Preferred CFC-12 ages
NE of stream are older...

..than those underneath
and SW of stream

..although these ages
are really mixture ages!

West Piezometer Transect

--Ages are even more
mixed, but % of young
water (2"9 #) shows older
waters generally
prevailing to NW

...and younger to SE

>4 1Y Burton et al. 2002



Dissolved Bicarbonate, mg/L

Geochemical Reactions _ _
Calcite dissolution Calibration of L ocal

Ca/Na cation exchange Reaction Rate, and “ Dating

Plagioclase feldspar weathering Beyond the CFC Range
Evolveto Na-HCO; water
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EXPLANATION

Chesapeake Ray Study
<> Carbonate Spring

Shenandoah National Park Study
@ Spring
O well

38°30'N

Virginia Aquifer Susceptibility Study
[l Valley & Ridge Carbonate

O Vvalley & Ridge Siliciclastic

[ Blue Ridge
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Numbers of Samplesfrom the
Valley and Ridge Carbonates

Chloro-

fluor o- Tritium/
Source carbons | Tritium | Helium-3
Springs 69 25 18
Public 11 11 9
Supply wells
Domestic 11 3 3
wells
Monitoring 9 9 9
wells
Total 100 48 39
Samples

Although all
samples

are from Valley
and Ridge
carbonates, the
extent of karst
development is not
well known.

%
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Hydrogeology of Carbonate Terranes
of the Valley & Ridge Province

Soil & Regolith
Alluvium
SPRINGS
) SOLUTION ll
Limestone CHANNELS 2 ORE

Younger Ground Water

Older Ground Water

Mixture of Younger and Older
Ground Water

Modified from Brahana and others, 1986

NOT TO SCALE

= USGS
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3H Decayed to Year 1999, TU
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Ages and mixing
fractions determined
from CFC-113/CFC-12

5-22 years and 10-100%
young water in mixture.

Some are inconsistent
with 3H (CFC contam.)
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USGS Chesapeake
Bay watershed
nutrient study

® Relations among
3H, CFCs, and

SF6 Valley and

Piedmont/
#-, Blue Ridge

%
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CFC-11 Concentration, pptv
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CFC-113 Concentration, pptv
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CFC-12 Concentration, pptv
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3H Decayed to Year 1999, TU
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3H Decayed to Year 1999, TU
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Bear Lithia Spring (9/2/99}

Piston-Flow Ages
CFC-11 2/7.2yrs
CFC-12 27.2yrs

CFC-113>Modern (100 pptv)

SH/*He 30.0yrs

Agreement in ages suggests

Piston flow (30 yrsin pipe flow).

. And all forms of DYSPEPSIA which

Major Contradiction:
Tritium=12+£02TU
1969.6 water contained

about 130 TU; decaysto 25 TU

ZUSGS
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| Cures HEDNEY and BLADDRR ’Frmxbies

URIL ACKD, GOICP, and ﬁiﬁ!&l’éﬁ&’%‘lﬁﬁtg
: PROSPHOBIC BEPOSITS,

iNE !«Aﬁlm&’[‘ﬂ)"? OF THE BLADDER,
~~~~~ L PFPROPEICAY. AFFECTIONS, '
. BRICK-DUST Tﬁ%l"ﬁéi’i‘ﬁ;

Arise fvon 8 Mon-Assimiiation of Feod,
Suck as Xﬁﬁl(xbﬁ’rii}mg"Hkﬁﬁ’i‘ﬁ‘i}k}#,

F&A‘Tﬁi«ﬁ&ﬂ‘ﬁ, SICK HEADACHE,

Anda Sense of Fallness After ﬁs%iu;gg
"f or further particulars, address

CBEAR LIT HIA WATER
: HELETON, VIRGINIA

. Prioe, 82, 58 per Gase ai ane dozen hall g"lﬁﬂﬁ bottles, £ oo b, at

CElkton Dlepot, BV, H. R, Rockinghain county, Va.
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Al 13 Z. Fxp&tﬁamm warratted pﬁmlv Wgﬂmiﬁ&éwm mrmm% ,

Bear Lithia Spring (9/2/99) NMURE% ﬁWﬁ‘ REMEDY !

|f we believethe3H/*He age:

SH=12TU
SHe(tritiogenic) = 5.2 TU
|nitial 3H =1.2+52=6.4TU

e Curvs RIDNEY and BLADDER ’Frmxbies
: B ACKD, GDUY, and ﬁiﬁ!&l’iﬂ:&“ﬁ‘lﬁﬁtg

1969.6 precipitation =130 TU PROSERORIC DECOSITS,

iﬁx‘?&&mmxmg’ﬁ? OF THE BLADDER,
~~~~~ L PFPROPEICAY. AFFECTIONS, '
. BRICK-DUST Iﬁﬁﬁ'{}éi’f‘ﬁg

And all formes of DYSPEPSIA which

Samplescontainsonly about = SR B S RN S R O,
L FLAT:E{«E&(}E, SICK HEADACHI,
5% 1969 6 Wa.t er - - - ocAnd e Sense of Faliness After Eating.

"f or further particulars, address

“BEAR LITHIA WATER COMPANY,
» ELKTON, VIRGINIA,

. Prioe, 82, 5{} per Gass of one dozen hall g"ﬁlﬂn bottles, £ o0 b, at
: Eat«:m Diepot, 8. V., H. R, Rockingham county, Va.

N :'s.{,sim*ca —Palk Miller & o, f’immwnd K. Wyan & ¥re,

Stauntess ;) B P Merks, W %i;zﬁgm;; D Cy P Schever & Cg},
New York: W. 1. Dod iass, Brookiyy, 2*%1 P .
I.BGS S Boutr's ;,;zmﬂm{m {g-vsed and ;‘;vmaﬁ:mheci by the best physiciang,
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A, 13 o, Fxp&tﬁamm wartarted pﬁmlv Wgﬂmiﬁ&éwm mrmm% B

Bear Lithia Spring (9/2/99)‘ NATURE'S OWN REMEDY!

Implies CFC-11 and CFC-12
uniquely contaminated.

5% of 1970 air gives:
CFC-11 2.9 pptv
CFC-12 6.4 pptv

e Chares KIDNEY and BLADDER Troubles,
o : LRI ACYE, GO, andg ﬁiﬁ!&l’iﬂj&“g‘lﬁﬁtg
. : PROSPHORIC DEPOSITS,
M ed . e INE hxmmxrmw: OF THE BLADDER,
easur ) B 1O  DROPSICAL AFFROTIONS, |
\ BRICK-DUST Zﬁﬁﬁ'{}éi’rﬁ,

CFC-11 87.9 pptv il Andafl foria of DYSERESLL which i
I Suck as INDIGESTION, ﬂkﬁﬁ’rﬁﬁnﬁ,

CFC-12 176.1 pptv FLAT;EK«EE(}E, SICK HEADACHE,

Anda Sense of Fallness After ﬁs%iu;gg
For further partioulars, addreds

“BEAR LITHIA WATER COMPANY,

Very unusual to have CFC-11and CFC-12 | | ?*Tm%:mm VIRGINIA,
i i i ; ; Lo Price, 33, 53 per Gass of one dozen halfgallon bottles, £ o, b, at
contaminated in such away to giveidentical = . *Fikton Diopor, 8. V., K. K., Rockinghat county, Va.
- - i © Acwses—Polk Ailler & Cox., f’immwnd K. Wyan & ¥re,
pISton ﬂOW ages P Haunten s BOP Mets, ‘i%%&;iggm;; noC P *&‘h:igvgz R ’Ck},
o New York : W H. Donzlass, Srookiyn, 2*%1 AR
I,BGS G Rout's ;,;zmﬂm{m ig-uged and ;‘;vmaﬁ:mheci by the best physicians.

A




Bear Lithia Spring (9/2/99)

Is something wrong with
the 3H/SHe age?

Pre-bomb tritium

From Thatcher (1962

Fig. 2 — Suggested Variation of Natural Tritium Levels.

Sample contains > 90% pre-bombé
water; Assumption that pre-bom@b ,j
tritiogenic *He=0 may not be valiid-‘- -

A
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Bear Lithia Spring (9/2/99)7

Correcting for assumed pre- bomb

tritiogenic 3He, young fraction

varies from 5% at 30 yrs to 12% at

O yrs age.

From CFC-11: 33.0 % 0 yrs water.
From CFC-12: 32.8 % 0 yrs water.
implies 3H should have been
around 3 TU instead of 1.2 TU.

CONCLUSION: Discharge 67-88 %
pre-bomb water mixed with approx.

12-33% modern water.

A

USGS
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Susceptibility Deter mination

e Tracer isPresent: Water discharged from the well is
susceptible to contamination from anthropogenic inputs.

o Tracer is“Absent”. Water discharged from the well is
|ess susceptible to contamination from anthropogenic
Inputs. (Can never prove that the source is not susceptible-
lower and lower detection limits)



GC-ECD Chromatograms

 Analysisby GC-ECD: Purge and trap gas
chromatography with electron-capture detector.

» Detects halogenated VOCs (examples. CFCs,
CCl,, Halons, TCE, TCA, etc.

e Traditional analysis: GC-MS< 0.1 ug/L (= 100
ng/L = 100,000 pg/L)

e GC-ECD: <1 pd/L (=5 orders of magnitude
below normal reporting levels)
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+ Retention Time

A Town well in VA

Depth: 135 (125-136) meters
Drinking Water Well
Atlantic Coastal Plain

Water Greater than 60 Years old
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A Town well in VA
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Aquifer Susceptibility
in Virginia, 1998-2000

Nelms, D.L. and others, g
2003, USGS
WRIR 03-4278
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Regional aquifer systems and sample locations
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Figure 1. Location of wells and springs sampled in Virginia, 1998-2000. Rasourcas (2003)
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Apparent age of young water fraction
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Figure 6. Distribution of apparent age of young fraction in binary mixtures with old (pre-chlorofluorocarbon)
waters by regional aquifer system.
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Percentage of young water fraction
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Figure 7. Distribution of young water fraction in binary mixtures with

old {pre-chloroflucrocarbon) waters by regional aguifer system. Mumbers
in italics indicate number of samples.
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Percentage and apparent age of young water fraction
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Figure 8. Comparison of percent and apparent age of young water
fraction in binary mixtures with old {pre-chloroflucrocarbon) waters by
regional aguifer system.
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Exceedance of threshold CFC and tritium concentrations
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Figure 4. Exceedance of threshold chlorofluorocarbon and tritium concentrations and susceptibility determinations by regional aquifer system.
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Figure 17. Comparison of peak areas and retention times for volatile organic compounds (WOCs)
from gas chromatography with an electron capture detector (GC-ECD) analysis for samples that
. . exceeded susceptibility threshold concentrations (A) and for samples that did not exceed susceptibility
science for a changing world threshold concentrations (B). Data from Shapiro and others (2002).




Susceptibility thresholds and depths
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Degree of aquifer susceptibility
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Aquifer Susceptibility in Virginia
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Fractured-rock aquifers near Mirror Lake, New Hampshire,
have highly varied and complex hydrologic characteristics.
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100 Mirror Lake, New Hampshire

- Fractured crystallinerock below glacial drift

30 Mixing of 1973 water

with old (blank) water

Shapiro, A.M., 2001, Effective matrix diffusion
in kilometer-scale transport in fractured
crystalline rock: Water Resour ces Resear ch,
v. 37, p. 507-522. “advective mass exchange”

@) Fractured Rock
® Overburden

Tritium in precipitaiton decayed to 1992

0 100 200 300 400 500
CFC-12 concentration in pg/kg
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Detector 2
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__ Detector 2
VAhalon112901b14

Name
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Area
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2,59 921

2.90 2117103

Chromatogram of 1.16 cubic centimeter of nitrogen containing
a concentration of 0.59 parts per billion Halon 1211.




CFC-11 3.66 432991
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CFC-113 5.97 28759

2.83 9%51031

Chromatogram of Halon 1211 stripped from 30 cubic
centimeters of water equilibrated with nitrogen containing
0.59 parts per billion Halon 1211 at 54°F.
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Detector 2
WIbrown040102a27
Name
Retention Time
Area

10 Hal Oﬂ-lle
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1.85 20732
CFC-11 3.76 15383

CFC-12 2.27 6814
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? 4.91 4373
7.51 385645
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Chromatogram of water from the Round Hill well taken after 6 hours of
pumping (2 months after drilling) showing a small peak for Halon 1211
between the peaksfor CFC-12 and CFC-11 (2.89). Thispeak isnot

detected in ambient air and indicates the presence of ground water affected
by air from thedrilling process.
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Name
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Ground-water sample from June 2, 2003, after loss of drilling
fluid during sidewall coring process.




Well MW-N3D. Large Halon peak.
/Halon-1211 CFC-11 and CFC-12 indicate mid- to

late 1970s. Since CFCs came with
Halon, water is older than 1970s, but
cannot be dated further with CFCs
because of contamination with
drilling air. Possible mixture of old
water and water contaminated with
drilling air. Without the Halon data,
we would have interpreted a CFC
age that is too young.
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Well MW-N4D. Trace or no Halon
present. CFC data probably unaffected

by drilling air. CFC data suggest a modern
age for the water. Without the Halon data,
we would not know that the CFCs are

valid in this sample.
CFC-113

Halon-12117?




CONCLUSIONS

Use of multiple tracers and “tracer plots” can help to
eliminate some mixing models and refine estimates of
mean tracer age.

To afirst approximation, the ages and mixing
fractions of many samples from karst or fractured
rock can be interpreted using a simple binary mixing
model. Is this the result of the sampling process?

Most ground water from fractured rock or karstic
aquifers is susceptible to contamination.

Should include tracers in well drilling.

m



CONCLUSIONS (cont.)

« “...the concept of groundwater age has little
significance” (Fontes, 1983); yet investigation
of multiple environmental tracers in
groundwater systems can often help to refine
the interpretation of age, refine hydrologic
concepts, and identify susceptibility to

contamination.
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