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Bgquations for caleculation of both the bulild-up of
epigene chlorine-36 with time and of its rate of release dus
to weathering ars presented in revised form such that they
now take into account chlorine-36 production by muon
reactions, as well as by spallation and neutron activation
reactions.

Wet-chemical methods for the extraction of chloride
from vocks, as a silver chloride precipitate, and for silver
chloride purification are presented. Measured
chlorine-36/total chloride ratios of basalt and rhyolite
samples are compared to theoretically calculated values in
order to determine the reliability of chlorine-36 build-up
as a dating technigue. The measured ratios are
significantly lower than expected for the older rocks and
higher than expected for the younger rocks. Measured ratios
are probably representative of a combination of epigens and
meteoric chlorine-36 rather than of epigene chlorine-36
alone.,

The rate of release of epigene chlorine~36 as a
function of total and chemical weathering rates is examined,
and it is concluded that although the input of epigene
chlorine-36 to groundwater systems is generally guite small,
it is not necessarily insignificant.
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THTRODUCTION

Chloride i3 particularly suited for usge in hydrologiocsl
studies due to its hydrophylic nature and bacause of ths

high electron affinity of chiorine. <Chlorine has Lhe

highest a2lectron affinity of all the elements.

Consequently, in nature it is found alwost exclusively as
the chleoride anion, and it 2xperiences little chemical
interaction during passage through various systems.

5,

The only unstable isokope of chlorine possessing a

pa—

half-life greater than one hour is chlorine-36, which has a
half-1ife of 301,000 vears. The half-life and bulild-up rate
of chlorine=-3%6 renders it suitable for dating matavials
ranging in age from 500 to 500,000 years. The viritues of
using chlorine-36 in the dating and tracing of old
groundwatar have vecently been explored. However, in
utilizing chlorine-~35 as a dating tool and/or tracer of

groundwatar, generally only meteoric chloriae-36 has

considered: it hag bean assumed that the concentration o

\’D

i"'

epigene chlorine~36 in the groundwatser has been negligible.

he primary purpose of this study is to explora the

=3

viability of this assumption.



Chlorine-34 has not besn applisd to geological studies

£0 the exbtent it has been utilized in hydrological

it

o

aoplications. Its usefulness for geological studies has
peen hinderad by its low natuaral abundance and long
half-1ife. Understanding of the epigene chlorine-35 iaput

to groundwatar systems has been limited by the paucity o

studies ezamining the builde-uap of chlorine-386 in geologic

w

erials. The possibility of using the epigene o
build-up in establishing the surface-exposura time
axparienced by rocks, and in studyving erosion and weathering

=Y
L2 .

f

rates was first considered in 1955 by Davis and Schae
However, it is only with recent increasses in detectio

sensitivitize that application of chlorine-38 technigu £

i
Fh
O
[

Bentley efL al. in press) revised the eguatlons
- M

5 bulld-up with time given by Daviz and

=

epigene chlorine-3
Schasffer (19%5%) in order to take into account chlorine—-36
oroduction by spallation of potassium and caleoiuam. This
atudy makes furthewr revisions to the equations, acoounting
for chlorine-36 pnroductinn by muon r2achions. Measured

values of chlorine-36 were obtained from young voleanic

2y

rocks and compared to theorstically calculated values,

k.

o~

thereby exploring the feasibility of using eplidens

chlovine-36 build-up as a dating tool, as well as
contribating to the heretofore meager understanding of the

relative significance of the input oF epigens <

groundwater systems. Understanding in regard to the latter
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BACKGROUMD

Machanisms of Chlorine~35 Production

3,

Chlonrine-36 i3 wnroduced atmospherically (meteoric
chlorine-36), 2nigenically, and hyvogenically, There are

thi

%U

ee prineipal reactions by which chlorine-35 is produced

naturally. These reactions include spallation of heavier

o

nuclei (primarily argon, potassium and calciuom) by eneargetis

L

cosmic ravs, aneutron activation of avrgon-36 and neutron

activation of chlorine-35. Additionally, chlorine-36 has

;ra

baen produced by ceritain atmospheric nuclear-waeapons tests.

Metenric chlorine-36 acoounis £for ap

arcent of all aear-surface chlorine-386 (Rentlev =2t al,, in
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ne-36 is largely produced by Lwo
processaes:  cosmic-ray spallation of argon-40, and neantron
activation of argon-346 through the neuabron-capiture reaction:

36 Arin,n)36Cl, with the neutrons arising from cosmic-raj

g

sactions. Contributions from both spallation of potassium
and calcium, and from neutron activation of chlorine-35 are
axtremaly slight due to the atmospheric pauclty of the
parent isotopes. Spallation of avrgon-40 and neutyon
activacion of argon-36 oocur throughout ths atmosphers,
According to Oeschger &t al. (19692) approzimately forty

paroent of the total production takes place in the

troposphere, with £ifty percent occurring in tha
stratosphere. Chlorine-35 leaves the strabtosphsre and
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troposphere Juriag periods of mizing. The
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orine-34 and stable chloride derived from gea spray are

quickly washad out of the troposphers by precipitation, or

Ffall out afrter having hecom:2 assoclated with aerosols.,

al. {1977 report a mean rasidence time of

The most significant processes for the production of

anigene chlorine-26 are spallation of abundant ootassianm and

¥

caloiom, and neutron activation of chlorine-35 through the
reaction 35C1{n,y)3%CLl, Though wmost rocks <ontain only a

minor amoun't of cohlorine-35, th

4]

ralatively large

»f chlorine-35 all

)

nentron—-activation oross section

d
b

~36 production, NMeutrzons are primarily
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supplied by evaporation neutrons at equilibriuom with the

&
©

ongmic-ray nacleonic component (Rublk =t al., 1984:; Bentley

2t al., in press). Additior neutrons are supplied by maon
capture reactions {(p .n) (Rubik =2t al,, 19824), by
photonuclear reactions of the fast nmuon component (Zito and

Davis, 19233) and by the release of neutrons from uraniam and

shorium decav {(Kubilk et al., 1%84; Bentley et al., in

press). Argon ig low in abundance at the surface of the
lithosphere and oceans, Therefore chlorine-35 production by



Virtually all hyvpogene chlorine-~396 is produced by
nauntron activation of chlorine-35. Measurable amounts of
oilorine-35 can b2 produced in this manner,

modest neatron fluxes of bthe deep subsurface, bacause of the

relativaly large neutron-activation cross

8]

chlorine-35. Because cosmic rays are generally attennated

by the atmosphe

%

and upper lithosn

H}

hera, spallation does not
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commnonly occur at denths of more Y

a8 alszso

[h

earth's surface, Neutron activation of argon-36

infreqguent in the subsurface due to the Scarc

ty of argon-34&

¥
tals

in this environment. WNeutzons for the 3°Ci(a,y)3¢cCl
reaction are derived mainlv from ths uranium and thorium
daecay series as 2ither secondary neutrons through oa,n

reacktiong on light |

!u‘n

sotopaes, or as dizzet £ission neubrons
{(BRentley 2t al., in oress). Maon capture reactions (5,0}
and photonuglear reactions of the fast muon component
produce neutrons in this environment jJust as they do in ths

upper lavers of the sarth's surface, bubt to a much lesser

axtaent (RKubik et al., 1984)., Methods for calcnlation of the

;«J

subsur face nautron flux were presented by Feige =2t al,
{1968y, RKubik =2t al, (1984 showead calculated
chlorine~36/caloium-40 ratios in limestone as a funcition of

dapth for varisus chlorine-34% production processes.

ne-35 was producad in the 1925073 by

f=te

Thermonuelear chlor

nautron acstivation of ssawvater when atmosphs nuclear

-
*a e
1

1]

asts were conducted in the Pacific (8chaeffer ot al.,

-
d

33

1960). The meteonric chlorine-38 fallout pulse wesulting



from the tests was approximataly three order of magnitude
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Jgreater than the nabural fallout of atmos
lorine-36. Enhanced fallout occurred from approximately

1953 to 1963 {(Bentley 2t al,, 1982; HEimore =t al., 19282).

The half-1ife of chlorine-34 (3G1,000 a) and its

;.1}

puild-up rate allow the dating of materials ranging in ags

from 500 to 500,000 vears. Msteoric chlorine-36 should not

pzd

interferse in the dating of fresh, relatively impermeable

rocks {(rocks from which all traces of weathering have been
completely removed) providad that meteoric chloride cannot
penekrate the interior of such rocks., The chlorine-36 of

gunh a rock should consist of that chlorine-36 which
produced hy interaction of cosmic rays with the rock onse it
is exposed at the surface, and of that chlorine-36 which is

oroduced by neutron activation resulting from both uranium

and thorium decay within the rock and £rom muon

Chlorine-35, whether produced by spallation or neutron

antivation, accoumulates in material at a rate oroportional

ks

Lo the exposure time of the material, while simultanecusly

Y

decaying at a rai oportional to its abundancae. Bentley
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prass) presented an equation to caloulate the

a

puild-up of chlorine-36 with time, bat thei

P
]

equation doas

not take iato account the significance of muon production,



The build-up with time is gilven by the revised sguation:

P+ ¢ f+ L _
Nyg = ——2—" (1 - e '36%) {1
A3

whers ¥5c is the concentration of chlorine-36, in atoms

g™ty ¢ is the rate of spallation production, in atoms

g

2Tl g is the neutron flux, ia neatrons kg-la-1l: £ is

=
£
1
.

the fraction of the aeutrons absorbed by chlorine-35; £ is

the rate of moon production, in atoms kg™ la-b Mg is the
chlorine-36 decay consatant (2,3 x 10-6a-l}: and ¢ iz time,
in a.

Tokovama et al. (19273} treatad the thod of
caloulating the spallation production rate (¢v) and
tive values were provided by ¥Yokovama et al.

raprasents

;!3

=
E“r
]

asaiam and caleciwn must be

(1977Y. Ppallation of both pot
takan into acocount: spallation of argon iz ralatively
insignificant, Lal and Paters (L267) caloulated a sea-level
neutvon flug of approzimately 3 z L072 kg ls™!. More
racently, Kuhn 2t al. {1984} measured the neutron £ilux (3
abt various depths in the subsurface., Figures 1 nresents

rapresantative values from Euhn et al, (1924), normalized

o gea lavel, The formula used in calcoulating

LQ
i

-3
11
l“s
J)

where H,. and Ni a spactively, the congantrations of

8
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Figure 1. Neutron flux as a function of depth from Kuhn et al. (1984),
normalized to sea level.:
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shlorine-35 and of an isokope, in abtoms kg™l

wg

O35 and 95

Lﬁ
%
@
(58
i=ta
-~
jou]
9]
it

are respectively, thes neuvtron—activatlon crosg
Wlorine-36 and the nsutron—-absorptlon cross
an igotops, in barns:; and the denominator takes
into consideration each e2lement contained in the sample.
Taluas of £ were calculated for all slements in both a
zypical basalt and a typical rhyvolite. Reprasentative £
values indieatiag the contributioa from the slements of

graatest significance in basalt and rhyolite are presented

elemantal concentrations in basalt and rhyvolite used in
calonlating the £ value re listed in Avpendix T. Values

Kubhik et al.

for & may be obtalned using

-36/caloium-40

;]:h
=
(’;}

(1984), which presents calculated cohloz
ratios, as a function of depth, for various production
orocesses of chlorine~35 involviag muon reactions, The
values of neutron production dus to muon capbure reactions
from Rabik et al, (1984} are of the same order of magnitude
as those givsan by Zito and Davis (1983). Secular
aquilibrium chlorine-356/calcium—-40 ratics, resultant from

(W ,0) reachions, taken from HKubik et al, (1984} and
normalized to sea level are presentad in Pigure 3 {(this

paper). Under ”DﬁaﬁtiOnS af secular eguilibrium, production

-

ate equals decay vate, Thus the appropriate ratio from

oy

igure 3 may be multiplied by the product of the chlorine-38

sy
-

,,.‘9

Jacay constant, in a ~l, and the calocium-40 concentration of

the sample, in atoms kg~!, %o obtain the wvalue of ¢,

10
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Rate of spallation, neutron £lux and rate of
chlorine-36 oproducstion from munon reactions arvre not constant

° « a

values: the chlorine-36 production rats varies with changes

[~
by
i D
s Lg
w
F',
9
o
£
=
1)
udd

epth. Tigure 4 shows the realative
production rates of cosmonuclides as a function of altitude,
from Yokovama et al. (1977, normalized to sea level.
Figure 5 ghows the relative chlorine-35 concentration as a
fanntion of depth, and waz produced by normalizing tohal
chlorine-35/calcium-40 values, for a limestone, to the
garth's surface (2 m depth). The total chlorine-35 iancludes
that which is produced by the following methods: (1)
Llation of calolam—40, (2} muon oapture by calciwm-49 and
(3) neubron capturs reactions with neutrons Zrom a) those
nentrons in equilibriuam with the cosmic ray nucleonic
component, b) muon capture reactions, <) photonuclear

reactions of the £fast muon conponent and d) fissioning

isotopes. Although the values used are representative of a

relative change in chlorine-36 content with denth that is
raasonably reprasentative for all rock tvpes. The
lorine-35 content of a limestone i3 almogt exclusivaly the

product of caleium-40 3ince the potassium content of

1etn

limestones 13 extremely low., Therefore the vast majority of

(E)
'\,J

Lhe chlorine-348 content of a limsstone ig acoounted for by

o

lorine-35//caloium—40 ratios, and thus the relative change,

witih depth, 9 the chlorine=35 due to calecium-40 is

e

reasonably egual to the relative changes, with depth, of the

13
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Figure 4. Relative production rate of cosmonuclides as a function of ele-
vation from Yokoyama et al. (1977), normalized to sea level.
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total chlorine~35 contsnt. TUnless a sampile 1s taken from

the earth's surface, at sea level, depth and elsvation
porreckhion factors, designated D and T respectively, must be
introdaced. The m2asuared chlorine-36 content of a rock is

most oonveniently presented as a chloriae-35/total chloride

tio the nuaber of ohlorine-3% atoms

i)
]
oy
=
Ui
&
£
v
;‘1
@
&
-
jaH]
(%

he divided by the aamber of ochloride atoms per kilogram of

vock. It is also aecessary o take iato account the

36C1  ED(y + o f+¢) | [56c1

Cl A3eNgyg ol

Chlorine~36 studies have recently bean applied to
hydrological problems requiring the dating and/or tracing of

=

0ld groundwater But the possibility of using chlorine-36
huild-up for the datiag of geologilc materials and for
measuring =2rosion rates has remained relatively unexplored,
This has bsan due ia large to analvtical difficulties

nanuntaerad as a rezsult of the low natural abundancs and

l1ong half-1life of chlorine-356.

The idea that the buildeup of epligene ohloriane~36 in




erosion and weathering rates, was first presentaed by Davis

and Schaeffer (1955). They were also fivst to actually

i
rul

parform 2h

o

orine-35 measurement on a rock. They obtained
a chlorine-35/total ohloride rario of 1.6 2 10712 | and

caloulated an exposure time of 24,000 vears for a

1

"ore-Wisconsin® phonolite from Bull CLiff near Cripple

’ms!
‘_.1-
5

Creek, Colorado. But in calzulating the exposure time, they

s

Aid aot take into account chlorine-36 production by

UE

gpallation of potassium and calcium. They warea

als

denin

i
o
&
<
=2

o
o
=
1o
=

ansucceasful, Aus to insufficient an tic sensitivi

'.!')

g

an abtempl Lo measure the chlorine-35 concentration of a

nephaline-sodalite ayvenite from New Hampshire

Ronner =t al, (1251) attempied to measures chlorine-36
activities of zolid salt samples from Dugway S5alt Flat, Ttah
Salt Flat and #he Forty Mile Desert in TTtah., Thair attempis
wars uansuceessfnl due to insufficient analytical
gensitivity, indicating a ohloriane-385/total chloride ratio
of less than 10713, But a measursd average
chlorine-35/total chloride ratio of 8 z 107" in sediments
was later obtalned by Onufrisv and Soifer (1968, as cited by

al., in oress), in conformity with results from

0]
o

Rentlay

g

other investigations.

Sinclair and Manusl (19743 used a diffex

I

[y

determining the chlorine-~246 concentration of a
apnroach which

smaller

17



shlorine-35/total chiloride ratio than that which could have

~daetaction sensitivity of ths

%3

been measured using the direc

time. They measured the arvrgon-36 build-up resulting from

25
(.,4
el

orine-34 decavy, and divided this value by ths
potassium-argon age of
production rate of 560 + 210 (g Cl) ta™! -~ sguivalent to a
chlorine=-35/total chloride ratio at secular eguilibrium of

1.5 x 10-1%,

Wirth recent advances in analyvtical technigue and
greatly iaczeased sensitivities, the possibilities of using
chlorine-35 build-up as a3 Jdating tool are being eagerly
raconsiderad., Bentlev et al. (in press) provided a means

of caloulating the build-up of chlorine=346 which has heaen

produced by spallation of potassiom and calciun as well as

3]
o
v
'-.! [l
3
]
D
:==1
o]
s
;nd
3]
r
‘.J Y
&
e
&
&
o
]
0
ua

by neutron activation. Howaver,

-
{7
=
=
g
=
i
3
o
8]
port

taks into account chlorine-36 production resultant

reactions. H®uabik a2t al. (L12384) calculated

=h

unction of depth for

fda

chlorine-36/caloiun-40 ratios as a
chiorine-38 production progesses involving various muon

reactions.,

Jonta (1956, as cited by Bentley et al., in press)
first suggestad that zhlorine-36 might be produced
hypogenically., He obtained a value greatly excesding those

values expected whils measuring ths lorine-356 activity of

water from Arkansas hot springs. He attributed the
Aifference to analvytical difficulties. The difference may

18



actually have baen due to contamination by bhomb chlorine-35

{(Bentley ek al., in press).

Detarmination of the subsurface nenteon flux has
remained the major obstacle in calculating the production of

o

alcoulation of

2

hvoogens chlorine~-38. Procedures for the
this variable were given by Pine and Morrison (1952},

Morrison and Pine {(1955) and Feigs et al. {1258) .

Additional attempts at determining the subsurfaca neutron

flug were nadse by Kuroda e@ al, (1957} and Ruroda and Fenna
{1960) who measured the chlorine-35 concentration of uraniux
sres. Ruroda and Kenna (19269) obtained chlorine-36/total

chloride tios of 9 x 19711 and 5 x 10~ for pite

-3
Pl

v

from the Balgan Coango and the Great Rear Lakes in ZTanada,
regspectivelv., Mora recentlv, Xuhn et al. (1984) used a
haelium-3 oroportional counter to make direct measurements of
the neutron flux at various depths.

Analvtical Methods

The low natural abundance and long half-1ife of

ahlnrine-35%, and consequently its extremely low specific

o

he application o

activity, have always hindered

ahlorine-35 technigquas Lo gaological studies. Watural

gamples vield chloriae-35 activities in the range of i07° o
10 disintegrations per minute per gram chloride,
corresponding to chlorine-35/total chloride ratios of 1n-1°

to 10710, Most samples rend toward the lower end of this

oy

]
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nethods ascessitated that sampl salacted for the sarliesr
studi=s be collected in relatively large guantities, from
roacks of high chilorine content and considerable age, in

ordeyr that enough chlorine-33 be present o be measuranlse.

i950'a using screen-wall counters much like those usad in
carhon-14 analyses {(Davia and Rc¢
sereen-wall counters possessed a seasitivicy of only aboub
one chlorine-346 in 10! chiorine -~ a2 sensitivity incapabls

of measuring ths chlorine-36 content of most natural

samples. Appolication of 1i

e
s

quid scintillation in ths 1960°s

J!

increased seansitivity to approximately 10712

s

o

shlorine-35/total chloride {(Ronzani and Tam=rs, 192356:; Ragge
and Willkom, 1946, as oited by Bentlev et al., in press;
Tamers =2t al,, 126%). Roman and Airey (1931) described some

uid scintillation technigue which

sensitivity is sufficient for analvzing mnodern wa 3 and
many near-surface rocks, but remains inadeguate for analvsis
of 2ld4 groundw r and des=p subsurface vocks., The nost

significant increase in sensitivity has come with the
r2latively recent advent of tandem-accelerator mass

e s
2ANS i iyl

spectrometry (TAMS: Elmors et al., 19279} . The

[

level has been raised by TAMS to approximately one

ﬁ.
|/:a )
<
iwc‘n
o
<
i".‘
i

chlorine=35 in 5 w 108 gshlorine. This sensid

20



ent to measure the chlorine-246 of most rocks at all

el
V3
Lo

suff

2

anticinatad concentrationg.,

=

Tha TAMS aystem iz composed of 3 linear aceslarator and

°

an inert gas striopsr connecting two Mmass spectromen:

.L

L
%

i

e
VS .

Inlike the older counting technigues, which measured deaays

of the igotope of interest, the TAMS mathod astually counts

spactrometar ionizes the sample and selects atoms and
molacules of the desir nass-to-charge ratio. The strippes

reduses any molecules to their elemental state through

collisions with inert argon gas. Stripoed ilon then

4]
@
Y
1]

accelarated, and passed on to the second mass spectrometsar

"
€5
u?

23t separated

where the isotopes of the element »f inte

u)

o4

out., High velocity acceleration of the ions allows Zor the
meaasuremant oFf the rate of their energy loss, and
consequaently, determination of thelr atomic number (Elmore

2t al., 1979},
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HLORINE-36 AND WEATHRRING

Tn contrast to the sudden emplacamant of soms igneous

h'e surface, most zocks arse siowly exposad

at the surface by 2rosion. The erasion rate, 1if faicly

constant, may be usad in Aetermining the rate of relasasse of
chlorine-35 from rocks, due to weathe2ring. Bentley =2t al.
{in press} presented caloulations for detzrmining the rate
of raleagse of chlorine-36 due to weathering, assuming a
constant 2rosion rate and approgimating the wariahion in
production rate of chlorine-36 with
saxponential function, Yokovama et al. (1977, ». 4%)

sing the

[
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s
0
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ot
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=
i}
o
h
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:,a_.l
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e
3

e
i
f:;

caloulatinng of Bentley et al. {(in press) to acoount £oy
muon production of chlorine-26, as was done earlisr in

lld-up with time, altimatels

jed

oy

calou

ating the c¢hlorine-36

s |

g
fella
D
i.-’.
i
ae

T (o o T £o)8

= o e~0z {4)
C1 (>\368 + OL)N

Cl

the surface production ratas, B is

in a m- !, and a iz the cosmic-~ray

in m-1,

Judson and Ritter (1364) calonlated vates of ragional
danudation in the Tnited States ranging from 0.04 m/L000 a

oy 0,17 n/1200 a.
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attenuation coefficient of Mabuohi et al, (1971}
to correspond to a true attenuation eoefficient of
I om (19246} g. This value i3 in good agrsement with thse

true attenusation coefficlient found earliey by Twmamura at al.

5

ters depth the sxponential term of eguation (4}
gnas Lo one., Therefore the fotal chlorine-~35/total chlorids

at the surface is:

(v + 0 T+ 2o)e
R, = 2 + R {5)

. se
(R3gp + &)Ncl

chloring-36/total chloride resulting £rom neutrons produced

by uranium and thorium decay
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METHODS

Chlorine-34 is principally produced by cosmic-ray
spallation of argon, potassium and calcium, and by neutvon

activation of argon-36 and chlorine-35. In order td ensurs

h

a ahlorine-356 content sufficient for analysis, a samdle

should be selected from a rock coantaining an appreaciable

o
=
')

concentration potassium and calcium. Ideally, the zample
should be taken from a rock at high elavation (for a high

aa level should have

Ul

cogmic-ray £lux), though even rocks atbt s
measuranle concentrations of chlorine-36 after a few

thousand vears. Selecting 2 sample of durable and

relatively impermeable rock type from an arid climate should
minimize the potential for loss of chlorine-36 from the rook
due to weathering. The half-life and build-up rate of
chlorine-3%6 limits dating to 500-5%00,000 years. In
addition, for the purpose of developing chlorine-356 build-up

as a dating tool, it is essential that the age of ths

be accurately known. If the sample has not been previousl

kg

dated with confidence by some other method, there is no
nasis against which to evaluate the accuracy of chiorine-36

as a dating technigue.

iy

election o

With conditions £or

(17]
¢!

an ideal sample in

mind, it was decided to collect samples of basalts and
rhyolites (both rock types contain substantial

24



concentrations of potassium and calcium, and some chleride;

af agss spanning as much of the degignated ags range as
possible. Sizteen samples ware collected from locales in

Hew Mexico, north central Arizona and central eastern

California (Figure 6 and Table 1). Specific locations are

listed in Appendix II. The ages of the individual samples

and the dating methods used are listed in Table 2. Where

possible, samples ware collecited from different depths at
single location in order to measur=2 the change in
shlorine—~35 concentration with depth. Surface elevations
the sample sites and the depths from which the les wer
zollected are listed in Table 3.

The rock samples were prepared tor the chloride

extraction process f£ollowing the rock preparation mathods
for ZRF analysis distributed by the Los Alamos National

Laboratory, New Mexico (Murphv, unpublished manuscript).

211 waathared areas and areas of direct surfacs egposurs

o

were removed from the samples. The samples were tnen
fine-crushed, pulvarized and reduced to a fine powdar in

the dominant size Fraction was 180~150 mesh.

Chloridse Extraction

Chloride may be extracted from powdered rock samples
a high-temparaturs digestion process., Using this process,

the chloride is ultimataly precipitated out in

25

of



*5911Ss a|dues buLuLeluod sofbuedpenb Asaang |eOLBOLCRY *S$°N) 40 SUOLIRI0TT *Q 3unbLA

OJIX3ANW M3IN

oczozilieD

38 e10leY YINog

saljeq

_—

B
"H
- | N |
eunben
48 sijuelp

sobally soO7

VNOZIHV

yead Aiea1,0

VINHOdITVO

UoSIIION "IN

slalel) OUOW

26



Table 1. Sample identifications and locations.

Sample Sample Rock Lat N
Number Name : Type Long W
SG-1A Suwanee bottom Basalt ~ 34°50"
8G-1B Suwanee top 107°03"
5G-1C Suwanee center
LG~-1A Albuguerque Basalt 35°08"
106°43"
DA-1 Cat Hills Basalt 34°51°
106°50"
cz-1 Carrizozo cave Basalt 33°42"
C7-2 Carrizozo cave roof 105°56"
LA-1 Laguna Basalt 35°02"
107°23"
GR=~1 McCartys Basalt 35°05"
107° 46"
NSCB-~1 Sunset Crater Basalt 35°23"
111°32"
SLR-2 Punch Bowl Rhyolite 37° 49"
119°02"
SLR-3 Cone 8060 Rhyolite 37° 49"
119°01°
SLR-4 Panum Crater Rhyolite 37°56"
119°03"
SLR-5 Panum Cone north Rhyolite 37°56"
119°03"
SLR-6 Wilson Butte Rhyolite 37°47!
119°01"
SLR~7 Mammoth Lakes Rhyolite 37° 41"
118°59"
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Table 2. Sample ages.

Sample Sample Age Dating Method and
Number Name (yrs BP) Literature Source
SG-1A Suwanee bottom 320,000:200,000 Potassium—argon;
SG-1B Suwanee top Bachman & Mehnert, 1978
SG-1C Suwanee center
LG-1A Albuguerque 190,000+40,000 Potassium—-argon;
Bachman & Mehnert, 1978
DA-1 Cat Hills 140,000+38,000 Potassium~argon;
Kudo, et. al., 1977
Cz-1 Carrizozo cave 1,000-1,500 Egtimate based on geo-
cz-2 Carrizozo cave logic field relations:
roof Allen, 1951
LA-1 Laguna 380,000+250,000 Potassium-argon;
Lipman & Mehnert, 1979
GR-1 McCartys 1,084-1,284 Estimate based on geo-
logic field relations;
Nichols, 1946
NSCB~1 Sunset Crater 919 or 920 Dendrochronoloay;
Smiley, 1958
SILLR-2 Punch Bowl 11,500+2,900 Potassium-argon;
Q,000+1,800 Dalrymple, 1967
10,900+4,200
SLLR-3 Cone 8060 6,800+1,400 Potassium—argon;
6,100+1,200 Dalrymple, 1967
SLR-4 Panum Crater 1,300 Obsidian hvdration;
SLLR-5 Panum Cone and Friedman, 1968 and
north >1,175+65 but Carbon-14;
<1,210+£55 Wood, 1977a
SLR-6 Wilson Butte 1,500+400 Obsidian hydration;
Wood, 1977b
SLR-7 Mammoth Lakes 106,000+£3,000 Potassium-argon;
94,000%+6,000 Bailey, et. al., 1976
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Table 3. Sample site surface elevations and sample depths.

Sample Sample Surface Elevation Sample
Number Name {m above sea level) Depth (m)
SG-1A Suwanee bottom 1591 + 3 3.3
SG-1B Suwanee top surface
SG-1C Suwanee center 2
LG-1A Albuguerque 1606 = 6 0.25
DA=1 Cat Hills 1626 + 8 sur face
Cz-1 Carrizozo cave 1600 + 8 4,45
C7-2 Carrizozo cave roof 1.7
LA-1 Léguna 1783 + 3 surface
GR-1 McCartys 1945 £ 3 surface
NSCB-1 Sunset Crater 2100 + 3 surface
SLR-2 Punch Bowl 2304 + 12 surface
SLR-3 Cone 80690 2438 + 12 surface
SLR-4 Panum Crater 2121 + 12 sur face
SLR-5 Panum Cone north 2085 + 12 3
SLR-6 Wilson Butte 2560 = 12 surface
SLR~-7 Mammoth Lakes 2664 + 12 surface
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the samples may =2asily be stored until purification can be

[

verformed. Aftar the samples have been purified; the silve

chloride may be analyzed for chlorine-3% using

The apparatus necessary to perform the digestion
orocess {(excepting tha gas tank) was set up in a laboratory
fune hood. To prevent chloride contanination, olean plastic
ginves were worn while handling the apparatus. The gdensral

3

set up of the apparatus is shown in Pigure 7. Teflon tubing

St

ed from a 60 psi gage £low meter on a tank of prepurifi

nitrogen Jas, to A glass tube. The glass tube was inserted
through a t2flon stopper and coanected, uasing a sleeve of
teflon tubing, to a pyrex coarse fritted gas-dispersion tube
{250 mm length, 12 mm c¢ylinder Jdiameter). The

gas-dispersion tube was conaected so that

the £rit nearly
reached the bottom of the four-liter pyrex sidearm flask it
hung in. The four-liter f£lask (and only the Ffour-liter
flask) was situated on a hot plate capable of producing the

regquired 300°C temperature. Teflon tubing led from the

sidearm of the four-liter flask, to a glass tube that was

insertad through a black rubber stopper. A silicon orx
taflon stopper would be prefarable to the black rubber

stopper usad here, It is possible that a trace amopunt of

oh
3]
=
o
=5
e
=
D

chloride could be leached black rubber. The glass
tube extanded one-guarter to one-third the way down into a
one~-liter pyrex sidearm f£lask. The purpose »of this flask

was Lo caboh any rock or acid should the system have backad
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up (it 4id nobt back-up for any of the samples xun). Teailon

rom the sidearm of the one-liter flask to

=

tubing led

sraion tube identical to the one

gwl'
{’5

ancther fritted gas-

}
E_Ll
u’z
o]

mentioned previously. This gas~dispersion tube rested on

i

a

s
s
e

~he bottom of a pyrez 250 ml gradaated cylinder

s

(a1

connections werse gecured with plastic cable~tool ties and/or
r

)

teflon tape, and during the astual digestion process the

silicon stopper was clamped securely to the mouth of the
four-liter £lask with a hose amp and wire. Additional

aguivment ased included heat-resistant wool~lined gloves and

aluminuam foil.

It is worth noting here that simply wrapping the

connections actually within the system (ie. those involving

the fritted dis sion tubes) with teflon tape was found
sufficient to withstand the low gas pressure needed to

operate the system. Using plastic cable tool ties only on

o

connections outside the system is preferable Lor two
reasons. Flrst and most important, it eliminates the
possibility of leaching trace amounts of chloride into the
‘gystem from the plastic. Secondly, it simplifies to a

L

degrea the cleaning and preparation of the system f£or the

14
o
H
pom
bl
T
rr
g
1

Special precaution should be taken to ensurs
black rubber stopper is firmly plugged into the one-liter
back-up flask before the gas flow i3 turned on. Should the

stoppar pop during the cooking process, the gas £low should
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topper guicklv and firzmly

or

be shut off immedlately, the

securad, and the gas flow resumed. Immediate shut off of
the gas flow and a gquick replugging of the stopper will
allow for a minimal loss of chloridse from the system.

The digasgtion procedure was adapted from a procedura
obtained via personal communication with Hareld Bentley of
arsity of Arizona, Tucson. The procedure may be
Found in detail in Appendix I1I. Bach rocik powder sample

was digested in sulfuric acid to release the chloride of the

sample in gas form. The chloride gas was collectad in an
and cylinder containing a solution of distilled deionized

watzr and ammonium hydroxide. This solution was toen
acidified with nitric acid, and sufficient silver nitrats
was added to preciy

chioride The precipitate was allowed Lo settle overnight
bhefore it was transferred to a dar

k glass bottle for storage

antil it could be wurified.

The extraction procedure was only partially successful.
The amount of chloride extracted £rom sach sample was
zignificantly lower than axpected, and 1t was determined
that the sulfuric acid was ineffective in dealing with the
nighly silicic <ontent of the samples Hydrofluoric acid is

axtramaly effective in dissolving silicate minerals, and

nitric acid attacks metallic minerals in particular.

e

dtilization of a solution combining these two acids might

prove a worthwhile alternative to using sulfuric acid.
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Purification

Of the purification process was Lo

(]

The main objectiyv

L

=

~educe the sulfuar content of the samples. The prassance O
sulfur-36 hinders chlorine-36 analysis. Like chlorine-36,
the isobar, sulfur-3%, forms negative ions. Duaring analysis
in the tandem-accelerator mass spectrometer, sulfur-36 ions

sxperiencing the same chavge as the chlorine-35 ions, will

ﬁ}

follow nearly the same path as the chlorine-36 ions in the
accalarator bheam Lline system. In oxder to periorm

analysis on a sample of aven relatively high
chlorine-36 content, the sulfur-386 content must not produce
a count of wmore than approximately one thousand counis pex
second. Because our total chloride yield €rom the

individual samples was significantly lower than expected, it

was absolutely essential that sach sample be carefully and

repeatedly purified to redace the sulfur content below the
aceeptable limith,

Apparatus utilized in the purification process incladed
a fume hood, an oven, a filter/vacuam pump with a
nydrophobic microporous membrans and enough Tygon £lexible

plastic tubiag to reach into the fume hood, a hot plate, 47

(L

mm glass £ilter funnels and 0.45 micron filters. Also used

et

ware one- ar pyrex sidearm flasks, 200 ml pyrex culture

oppers, beakers, glass astirring

ﬁ"

tubes, size 8 black rubber 3
rods and chemical watch glasses (Lo cover the beakers),

parafilm, flat wmetzl spatulas and plastic forceps. In
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addition, laboratory squeesz:

Y

Apionized water, dilute nitric acid and reagent grade

amnonium hydroxids wera particularly helpful. The stems of

l"’"

the filter Ffunnels were inserted through the rubber stoppers

ne flasks.

T

aad set o rest in the mouths of

The purification procedure, like the chloride-
extraction procedure, is a modified version of a procedure
obtainesd from the University of Arizona at Tucsgon (H.
Bentley, 1983, written communication}. The vrocedure is
pregsented in detail in Appendix IV. The silver-chloride
precipitate was washed with distilled deionized watar and
then dissolved in concentrated ammonium hydroxida. Barium
nitrate was added and the solution was allowed to stand

sut any sulfate

{3
:FJ- a
=t
T

overanight in order to pre
contaminants as barium sulfate The solution was filtered
to remove the contaminants, and heated in order Lo evaporate
the ammonium hydroxide and to reprecipitate the silver

chloride. The silver chloride was washed with distilled

deionized water, radissolved in concentraced ammonium

L..a

wdrogide, and reprecipitated out by heating. The samples
ware filtered and washed with distilled deionized water,

oven dried, and transferved to dark-glass sample bottles.

after the purification process had bsen complated, it
was apparent that some of the samples had not yvielded
aufficient chloride for analysis using tandem-accelerator

mass spectrometric methods. Tt was decided that a sodium-
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shloride carrzizr should be added to six of the samples,

S3~1a, 8G-18, DA-1, SLR-2, SLR~-3 and 5LR~7. These six

s

AT

¥«
i
b

leg were redissolvad in carefully measured amounts (in
the range oFf 50 ml) of concentrated ammonium hydroxzide, and
|

an aliguot of approximately thirty milliliters was set aside

from each. These aliguots were later analysed for theic

v
-
o
P
=h
o
[t
(4]
Jus
=
L]

chlnride content--the original chloride contend
carrier was added. Carefally measured amounts ©of gsodium
chloride (in the range of 35 myg) were added to the six

samples, and they were rerun throuagh the entire purification

It was discovered during a preliminary run of the

tandem-accelarator mass spectrometer Lhat the sulfur contenkt

-
nf some of the samples remainad too high for satisfactory

chlorine-36 analvsis; additional purification was
necaessary. The purification process had been designed for
water samples having a much lowar sulfur content than that
of the rock samples. The samples were radissolved, heated
and reprecipitated two wors times befors finally being

analvzed with a sufficiently low sulfur content.

iz

Analys

Chlorina-35 analyses were made on the solid (silver

chloride} samples using tandem—accelerator mass

a
5

ectrometry. The analyvses were performed by Dr. David

il 1

e at the Huclesar Structure Research Laboratory of tne

=
ot

mo

=
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Oniversity of Rochestsr, New Yorw

Chinride analysss were performed on the rock samples by
the Los Alamos Mational Laboratory using XRF technigues.
The aliguots saved from the siz samples Lo which carrisr was

-hedr chloride content at the Hew

<
[
O
o
=N
<
(o]

added were analy:
Mexizo Institute of Mining and Technology by Leanna Grossman

of the Chemistry Department, using single column ion

chromatography. An earlier attempt had heen made to perfogm

ﬂ

nloride analvses on the aliguots using chloride titration
technigues, but this method proved fatile. Chloride

nH of the sample to be loweraed

o
o
o

ge;
P

itration raguires th:

49

2,.3-2,.8. As the samples were lowared below pH™7, the

chloride precipitated out as silver chloride.

The chromatograph used in analyzing the aliguots was a

Backman 1LL0A high performance liguid chromatograph (HPLE)

.

equipped with a Wescan model conductivity meter. The colunn
had a pd range of 2-7.5. Our <hloride samples {dissolved in
concentrated ammonium hydroxide) were of pH™12., I£ the pdH

=

of the sample solution was lowerad below 7, the chloride

‘D

would precipitate out., Thus before the analyses could be
made, 1Lt was necessary to bring the sample solutions within
the pH range of 7-7.5. In order to accomplish this 3 ml of

ch sanple were placed in individual round-botiom flasks.

[}
=
¥
]
[
i)
}al
&
[9]
I
foh}

To evaporate the ammonium hydroxide, the f£lask
in a fume hood with a continual stream of air passing over

tham for a pariod of twelve hours. The resultiag
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ipitate was redissolved in a 4.0 yM buffsr (pd = 4.

8]

}

V4

I

vielding a soluntion of pH 10-11., These solutions were

‘-a"
[ ]

5

i

diluted using the same 4.0 yM buffsr, thereby lowering th

W

Ty

St
[N
~

P to "9. Concentrated phosphoric acid was used to acid

o
P
]
fes]
w
o
“Iu
1]

[ir)
4]
h

to oA 7.5, It is hoped that very little, i

{2
E..a-
Bed
<5
b
=~

any, chloride precipitated out. The sample solutions

n
i—d
.
o
"

Werse

<
W

d through a 0.45 micron millipore funnel and 20

Fh

2f each was ianjectaed into the column for analysis (L.

=
fonat

Grossman, 1984, written communication).
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RESULTS AND INTERPRETATION

l"E

As noted in the previous section, "Methods”, sevsral
problems were encountered during the course of laboratory
work and analysis of the samples. Most notable of the

£

problems was the extremely low recovary of chloride £rom the
chloride extraction process. The majority of the samples
vielded less than 35 mg of silver chloride from an original
3.7 to »1.0 kg of rock. Recovery was so low for samples

-1, LG-1a, GR-1, SLR~-4 and SLR-6 that analyses of thase

five samples could not be made.

M

The measured chlorine-36/total chloride ratios for
those samples which were analyzed are listed in Table 4.
211 of the measured values fall well out of the
ranges, and upon first glance the differences between the
measured values and the predicted ranges appear guite
inconsistent between the individual samples. However, upon
closer examination a trend is evident. Filgure 8, which
plots the measured chlorine-36/total chloride ratios vs.

the predicted epigene chlorine-36/total chloride rati

[

2%
=

ient

*’*l

zals that the older rocks generally vielded ratics lower
than those predicted while the youngsy rocks vielded ratios
higher than those predicted. The one exception is in the

case of sample 8G-14, an older rock, which yielded a

higher~than-predicted ratio,
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Tt was hoped that by selecting samples of a durable and

relatively impermeable rock typa, and then garefully ¢idding

o+
b
b
Lﬂ
(,J

amples of all weathered areas and areas of direct
surface exposure, the msteoric chlorine-36 content of the
samples would be raduced to a very small and insignificant
amount. This nay well have been the case had the chlovide
extraction process produced greater yields. However, the
amounts of chloride recovered were so very small that
apparently even the extremely low amounts of metsoric

chlorine-36 axpectad to be contained withln the rocks proved

significant enough to affect the epigene chlorine-36/total

éiu

shloride ratios. EBEvidence of the meteoric chlorine-3¢
having this effect is seen in FPigures 3% and 10, which show
theoretical meteoris chlorine-36/total chloride ratios for

those geographical areas from which the analyzed samples

7

were collected, along with plots of the predicted and
measured ratios for the individual samples. A ratio of 280
x 10715 for central eastern California was obtained from
Bentley et al. (in press) and a ratio of 7006 x 107! for
HMew Mexico was measured by Phillips et al. (1984). The
measured chlorine-35/total chloride ratios for sanples

~1B, €CZ-2 and SLR-7 £all inbetween the epigens

chlorine~36/total chloride range pradicted for the

{m-!
=
D
Iy
G
3]
Fu!-
i

the theoretical

h

individual samples an

3..1
9]
=
;—-l
@
=

chlorine-36/total chloride ratio for the parti
geographical area from which each sample was collected. It

appears as though the mesteoric chlorine-36 content of the
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atively low eplgene chlorine-36/total
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1,
4

the voungar rocks up and the relatively

nigh epigene chlorine-36/total chloride ratios of the oldex

The difference between the predicted range of ratios

and the measured ratio for sample 8G~1A cannnot be accounted
For in the sams manner, or else the measursd ratio would

b

have been lower than the pradicted range rather b

5 it is. Sample 5G-13 was collected from a depth of 3.3

o

i

matars below the earth's surface. It seems possible that
the higher—-than-expectaed ratio might be accounted for by the
downward infiltration of metenric chlorine-=36, accompanied
by chlorine~3%6 {in an amount greater than that of the
mateoric chlorine-358) released frowm the overlying cocks by
weathering. Releagse of chlorine-36 from the overlying rocks

may also account for the high ratio given by sample SLR-5,

nollected from a depth of approximately 3 metesrs,

Measured raticos for samples SLR-2 and SLR-3 are also
high relative to predicted ranges and to the meteoric
concentration. However,; these samples were c¢ollected from
the earth’'s surface:; no chlorine-36 <could have been
contributed by overlving rocks. Ths high chlorine-35/total
chloride ratios for these samples are probably the result of

pounb-chlorine-348 contributions.
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Tandem accelerator mass spectromebric analvses of
b B

samples DA-1, CE~1, LA-1 and NSCB-1 had not yat been

Theoretical

Theve are three princiy

velative significance of the relsase of epigene chlorine-356
into the groundwater at a gilven locale, Thesa factors

include: 1) weathering rates (both the total weathzring

%

rat2 and the chemical weathering rate), 2} chloride content
2f the rock and 3) geomagnztic latitude. In general, as the
rate of weathering increases, the epigene chlorine-35/total
chloride ratio decreases, dus to the shorter time available
for chlorine-=356 build-up. In regard to the significance of
epigene chlorine~-36 release into groundwater, this decreas

in the amount of chlorine-36 available for release, due to

increased weatharing rate, is somewhat countzred by an

increase in the amount released at any given time., Figures

"5

11 and 12, respectively, present the rate of relsase of
mhlorine~-36 from a typical basalt (low chloride content) and
from a typical rhyolite (relatively high chloride content),
at the surface, calculated as a function of weathering rate

using equation {3). PFigure 13 presents the meteoric

cnlorine-36 fallout rate a

]

a function of latitude (Beantley

@

et al., in press

e
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Figure 11. Calculated rates of release of epigene chlorine-36, as a func-
tion of total and chemical weathering rates, from a typical basalt at the
earth's surface.
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48



"(ssead uL ‘rle 19 A9|3usg wouy)
apna1ie] o13oubewosb JO UOLIDUNS © SP JNO[[B) GE-dULUAOLYD D140313K "£T 94nbL4

spmyoy oueubowozy

L8000 08 o0G b 0L 02 o0l o0
™ T T T Y ¥ T O
~15
P
o
3
101 @
&
Q
/
- gl wa
1"
N
o
- OT
5T
do¢

49



It seemns reasonable to assume that epigene chlorine-35
iz released solely by chemical weathsring (ie. if
mechanical weathering was to account for L00% of the total
weathering rate and chemical wesathering was to acoount for
0%, no epigene chlorine-36 would be relesasad}. It is

logical then that for any given total weathering rate, the

rate of releass of epigene chlorine-36 will incresase as the

chemical weathering accounting f£or a given percentage of the

total weathering rate, the epigene chlorine-36 release rate

-

he total weathering rate increases. These
two trends are displaved in Tigures 11 and 12, though the
latter relationship is far less distinctive f£or the basalt,

with its lower chloride content, than it 1s for th

V]

rhyvolite.

Comparison of Figures 11 and 12 shows that with all
other factors being constant, the rhyolite, with its

chloride content of 4.5%, produces higher epigene
chlorine~-36 release rates than does the basalt of 1.1%
chloride., This i3 expected since chlorine-36 content is

generally proportional to total chloride contsat. However,

for any given chloride content, the epigene chlorine-26

%
=
f—
[
s
pu ]
e
]

release rate 2ase as the chlorine-36/total chloride

ratio increases.
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Tigure 13, in conjunction with Figures 10 and 11, maks

1,

evident the influence that geomagnetic latitude may have on

the significance of the ralease rvats of spigene chlorine-36.
Metenric chlorine~3% fallout peaks at a latitude of
approximately 40°. The fallout rate drops at latitudes
lowar and higher than 40°, dropping at a slightly guicker
rate for the higher latitudes. As the fallout rate of

-~

netenric chlorine-34 decreases, =2plgene chlorine-36 acoounts

o

for an increasing percentage of the total chlorine-3§

Fi

prasent in the groundwatear, and relesase of small amounts of

a

G

=t

epigene chlorine~36 into the groundwater increases ix

0

significance. 1In othesr words, the release of epigen:

s

chloring-36 is significantly more important at the lower and

nigher latitndes than it is at the middle latitudes.

Table 5 is based on information provided by Figures 11,
12 and 13. It presents the general conditions, under the
Four most 2xtreme weathering situations, for which the rate
of release of epigene chlorine-36 into the groundwater might

be considered significant. In summary:

(1) PFor rocks having a low chloride content {(using a

=

basalt of 1.1% chloride az a guide),

- if the chemical weathering parcentage is high,
the releasa of epigene chlorine-36 will be
significant at the lowsr and higher latitudes,
regardless of the total weathering rate.

- if the chemical wea
ralease of epigene

¥

nering percentage iz low, tha
2l h
significant, regard
reg L

ﬁ;'k
chlorine~36 will not be
less of latitude and
Iy,

ardless of the tal weathering rate.

D

se of epigene chlorine-36 will b
icant at the middle latitudes regardless
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the chemical and total weathering ra
For rocks having a higher chloride content {using a
rhyolite of 4.5% chloride as a guide),

- if the chemical weathering percentage is high,
the release of epigene chlorine-36 will be
significant at all latitudes, regardless of the
total weathering rate.

-~ if the chemical weathering percentags is low
but the total weathering rate is high, the
releagse of eplgene chlorine-~36 will be

if the chemical weathering p=rcentage i
the total weathering rate i3 low, the re
2
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SYMMA RY

A revision of the eguoation, from Bentley et al. (in

press), for caloulation of =zpigene chlorine-35 build-up with
time was presented. The revised egquation takes into acoount
chloriage~36 production by 1) spallation of potassium and

£

caleoiwn, 2) neatron activation of chlorine-35 and 3) muon

[N

reactions. A similar revision was presented of the
aquation, from Rentley st al. {in press), £or calcoulation

of the rate of ral

1

A

in

Ll
[t
iy
1
p

2 of epigens chlorine-36

hasalt and rhvolite samples, of ages spanning

tha vooks, as silver chloride precipitate, was signifiicantly
lower than expectad, and it was debtermined that a solukion
of hydrofluoric and aitric acide would probably be more
effective in dissolving the rock powdar than was the
sulfuric acid utilized in this study, After having been

purified, five of the silver chloride samples were analvzed

chlorine-~36 oconcentration., The measured

=iy
v
[ ]

chlorine-35/total chloride ratios were compared Lo

ﬁ 3,

ne-36/t0bal chlonride ratios

!-J
U
‘v-l @
,..1
1]
!»—.l

-heoratical

s

\3

caleulated using the revisad sguation for chlorine-36
k)

tuild-up with time. Tt was determined that the measured

nl«

)

rina-356 concentrations were rapresentabive of a
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athering rates was
ronsidered. It was determined theoreticallv that the amount
of epigene chlorine-36 relsased into groundwater systems as

a result of weathering mav be significant in some cases.

More specifically, it was determined that with chemical

E‘Aa

weathering accounting for a high percentage of the total
weathering rate, though the total weathering rate may be
low, even rocks of low c¢hlorvide content can vield

chlorine-23

m

in amounts that will be significant in areas ©

lLow or high geomagnetic latitude. With a low percentage of

i

chemincal weathering, though the total weathering rate may be
high, even the amount of chlorine-36 released from rocks of
higher chloride content will only sometimes be significant;

the amount of chinrine-36 released will be szignificant, in

-y
5
[
<
Al
o
o
[0
famdd
2
@
et
o
=
3
=
It
]
=
[P

-

groundwater svstems

geomagnetic latitudes,.
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STCHIFICANCE AND RECOMMENDATIONS

Thig study iz significant in

pogaations which take iato acoount 2hlorine-33 production by

due to waathering. Tt i3 an sarly step in the development

)3

ne-36 puild-ap as a dating tool for

=

chior

of enidens

£

relatively voung near-surface rocks., As accuracy and

confidence in ukilization of epigens chlorine=36 build=-up as

i=te

a dating tool increases, so will understanding in zegard ©o

the role of epigene chlorine-36 during weathering and the

relative significance of its relsase into groundwatar

In addition, this study Dresents a vary general but

&5

conprahensive theoratical examination of the rate of release
of epigens chlorine-36 as a funchion of total and chemical

weathaering rates at the earth's surface., This sxamination

roevealed that release of 2pigene chlorine-36 into
groundwatar svstems i3 indeed significant in some iastances,

and should therefore bhe taken inkto consideration daring the

Aating and tracing of groundwater, and not simply lgnored as

negligible, as generally has been assum=d in the past,

Fature stidies might incluade refining the chloride

o

extraction process for recovery of chloride from rocks,
determination of the rate of reliease of spigene chlorine-36



and thes use oF

in determining
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APPENDIX 11

Sample Locations

85G-1A,18,1C, Suwanee basalt flow, New Mexico; U.8.
Geological Burvey South Garcia 38 7.5% Quadrangle,
lat 34°50°'H., long 107°03'W. The samples were taken
from the southernmost portion of the Suwanes flow, from
the east side of the road approximately 45 mets=es
beyond the point at which Route & first cuts the
southern and of Black Mesa.

LG-1A, Albuguergue volcanis field, Wew Mexico; U.S.

Geological Burwvey Los Griegos 7.57 Quadrangle,

lat 35°08'8., long 106°43'W. The sample was obtained

£

‘rom the point at which the road crests the cliff top.

DA-1, Cat Hills volcanic field, Wew Mexico; U.S5
Geological Burvey Dalies 7.5' Quadrangle, 1
long 106°50°W. The sample was oollected from a small

£
roadcut, on the north side of the road, approzimately
0.8 km into the Isleta reservation.

at 34°51'N.,

Cz-1,2, Carrizozo malpais, New Mexico; U.S. Geological
Survey Carrizozo 15° Quadrangle, lat 33°42°'W.,
long 105°56'W. The samples were taken from a cave in
an embankment on the northern side of Route 380. The
embankmment is adiacent to a small turnoul
approximately 1.6 km west of the Valley of Fires park
entrance.

LA-1, Mount Taylor volcanic field, New Mexicoy T.S.
Genlogical Survey Laguna 7.5' Quadrangle, lat 35702'NW.,
long 107°23'W. The sample was collected from a small
roadcut/rest stop on the south side of Interstate 40,
approximately S50°E from Laguna church.

GR-1, McCartys basalt flow, Hew Mexico; U.S. Geological
Survey Grants SE 7.57 Quadrangle, lat 35°05'H.,
long 107 °46'W. The sample was obtained from the
sastern end of a roadcout on the south side of
Interstate 40, across from Stackevs.

NSCB-1, Bonita lava f£low, Arizona; U.35., Geological Survey
O'Leary Peak 7.5°' Quadrangls, lat 35°23'N.,
long 111°32'W. The sample was collected from an ar=a
of lava squeaze-up at the wastern adge of the Bonita
flow, within the Bunset Crater National Monumant. An
aspen tree that was scarred with a rock hammer marks
the locale.
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LR-2, Mono craters, California; ©U.S. Geological Survey
Mono Craters 15' Quadrangls, lat 37°49°'W.,
iong 1192°02'W. The sample was taken from the summit of
the small cone within Punch Bowl.
SLR~3, Mono craters, California; U.8. Geological Survey
Mono Craters 15' Quadrangle, lat 37°49°'W.,
long 119°01°'W. The sample was taken from the cone just
aortheast of Panch Bowl. It was procured from a minor
peak immediataly south of the highest point of the
conea.,

SLR-4, Mono craters, California; W.S. Geoclogical Survey
Mono Crataers 15' Quadrangle, lat 37°36'N.,
long 112°03'W. The sample was obtainad from Lhe
interior dome of Panum Jrater, from a site
approximately 100 meters south of the highest point on
the west side.

BLR-5, Mono craters, California; U.8. Geological Burvey
Mono Craters 15' Quadrangle, lat 37°56'NW,,
long 119°03'W. The sample was collected from the south
aide of the dome of Panum Cone {north). It was taken
from underneath an overhang, measuring approximately 3
meters Ln thickness, located approximately 20 meters

2 7

above the trail's end.

SLR~%, Mono craters, California; U.S. ceologlical 3urvey
Mono Craters 15' Quadrangle, lat 37°47'N.,
long 119°01'W. The sample was obtained from Wilson
Butte. It was vrogured from the southernmost pinnacle

of those alongside 7J.5. Route 3495,

SLR-7, Long Valley caldera, California; U.S5. Geological
Survey Mt. Morcison 15' Quadrangle, lat 37°41'N.,
long 118°59°%W. The sample was collecied from the south
side of the cone locatad approximately 4 kilometers
north-northwest of the town of Mammoth Lakes.
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APPENDIX IILL

Chloride-Extraction Procedure

The 4 L flask, the 1 L back-up flask, the 250 ml graduatad
end cyvlinder and the fritted gas dl%p::siv tubs that hangs
in the 4 L flask must be replaced with clean apparatus each
time the prosess is run., AlL should be thoroughly washed
4ith laboratory soap and water, They should then be riansed
saveral times with distilled water, followed by a couple Of
rinses with distilled deionized (DD} watber. None of the
apparatus should ever be "sterilized" using HCL.

1. Measure 180 nl of DD water and 20 wnl of reagent grade
WH 0" into the 250 ml graduated end cylinder. This
should result in a solution having a pH of 10-12.

2. Measure out 1 L of reagent grade H,50, Pour the H,80,
and the rock powder into the 4 L flaoxﬁ alternating
batween the two but beginning and finishing with acid,
and peing caraful aot to dget any acid or rock in the
arm of the f£lask. Swirl the flask after sach new
introduction of acid or rock.

3. Press the black rubber stopper (or preferably a silicon
or teflon stopper) tightly into the 1 L back-up flask,
and secura the silicon stopper to the 4 L flask with

the wired hose clamp.

4. Car=2fully open the gas flow until the sample first
begins to bubble., Then adjust the flow to a pressure
of "5-5 psi., Watch to see that the solution in the 250
ml graduated end eyvlinder begins to gently bubble (this
may btake 30 seconds or 10 minutes depending on the
sampla) .

5. Cook the sample akt 250°C-300°C for 2 hours. Swirl the
4 T flask every half-hour or so daring this tiae.
{(Note that the 2 hours does not inglude the time it
takes for the hot plate to heat to 250°Z. In order to

save time the hot plate may be warming up while the

other preparations are being made.)

6., Turn off the hot plat=s. 8Swirl the 4 L flask for one ox
two minutes. Shut off the gas flow, and immediately
after the 250 ml graduatad end cylindey ceasas bubbling
remove the silicon stopper with the fritted gas
dispersion tube from the 4 L flask. This wil
matter from being sucked up into the gas dispesrsion
tube and into the tuabindg.
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Remove the fritted gas dispersion tube from the 250 ml
graduated end cylindsr, and rinse it with a small
amount of DD water so that any chloride which might
have accunulated on it i3 washed into the graduated
cylinder.
Unstop the black rubber stopper from the 1 L back-up
flask, and remove the {2 fl@ ianing from the side arms
af poth the 1 o back-up and the 4 L flasks. Rinse the
insides of the teflon tubes with DD water and st the
tubes aside being careful fo keep all connectiag

portions olean (ie. c¢over the eands with plastie).

To catoh any chloride that may have remainad in the 1 L
bazk-up flask, use solution from the 250 ml graduated
end cylinder €0 twize rinse the £lask, pouring the
solution back into the end cylinder esach time.

Use reagent grade HND, to bring the solution in the 250
ml graduated cylinder down to a »H of 2-3., Transfer
this solution to a clsan pyrex 1 L flask, and add 150
ml of 9.1 N AgNO, The solution should now be cloudy
with precipitate. Cover and wrap the flask with
aluminum foil and let it stand overnight in a dark,
cool place.

NDecant the excess supernatant, using some of it to
cinge out a 60 ml dark glags bottle several times.
Pour the Agll precipitate into the botitle. Seal the
bottle tightly and store _t in a dark, cool place.
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APPENDIE IV

AgCl Purification Procedure

The entire purification process is performed in a laboratory
fune hood. Greﬁt care to avoid contamination during the
purification process is crucial. Clean 913“”1P Or rubber

3
gloves should bhe worn at all times, and all eguipment should
be washad and treated each time 1t is used., Laboratory
sguenze bottles holding distilled ﬁ@imnzzwd (DD) water
diluts HNO, and reagent grade WH,0f ars extremely helpful.

- Glassware should £irst be washed with watesry and laboratory
zoap, and riansed with distilled water. Next it should be
»inQd with dilnte HNO, followed by DD water, then rinsad

th r@ﬁj@nt grade NH QI, and then rinsed 59Vﬁral Limes
agaln with DD watar.

- The metal bases of the filter funnels, holding the plastic
support screens, should not be rinsed with HNO,;. These
can be rinsed with DD watsr, followed by reagent grade
W0H, 08, and then rinsed again in DD water.

- The metal spatulas and plastic forceps may be washed in
the same mannar as the filter funnel bases.

- The sampie bottle caps should simply be washed with
laboratory soap and water, and rinsed with distilled water
followed by DD water.

1. Decant the supernatant and f£ilter the AgCl precipitate
to near 4dryness.

2. Leaving the precipitate in the filter funnel, wash it
thoroughly w1th DD water, filtering the water through.
Discard the solution.

3. Dissolve the precipitate by adding approximately 50 ml
reagent grade MH,0H to the filter funnel. Filter this
into a clean flas. Discard any precipitate remaining
on the filter paper.

4. Add 1L ml Ba{¥03), to the f£lask (To make the Ba(W03),

solution, place a good anount oF galid Ra(Fog); in a
flask. Add sufficieant HNO; to dissolve some of the

Ba(CO3), , but l2aving some solid Ba(COg), in the bottom
of the flask. When using the Ba(N0;), solution, draw

off ths 11qu id at the top). <Covaer the f£lask with
parafilm and let it stand overnight.

5. Transf r the solution to the filter apparatus and

into a culture tube standing in a flask (lower
and raise the culture tube into and out of the flask
with plastic forceps). Then transfzar the solution to a
600 ml beaksr (smaller beakers may be usad, but the &40
ml b@dVEK is more efficient dlning the heating
processy. Discard anvy precipitate remaining on the
filter paper,
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Lay a glass stirring rod across the top of the beaker
and cover the beaker with a chemical watch glass
(concave side up). Evaporate the WH,OH and

re pr9c101ta+@ the AgCl by heating the b=alker at
50°0-65°C, Az the pracinitate approaches very near the
bottom of the beaker, it mav be buoyed up witl a sq;i v
of DD water to pravent it from gthhlng to the beaker
hottom.

Using DD water, rinse the pregcipitate from the beaker
into the filter apparatus. Wash the precipitate
thoroughly with DD water, and filter it to near

dryness.

Redissolve the AgCl precipitate by adding approzimately
50 ml reagent grade NHQOH to the fnltﬁg funnel., Filter
into a ¢lean culture tube standing in a flask and
transfer to a 600 ml beakar. Discard any precipitate
remaining on the filter paper.

over and heat the beaker as in step 6.

Wash and f£ilter the precij

Crumple and then flatten a blue filter-cover paper
(found between the individual 9.45 micron filters), and

lay it on a chemical watch glass. Using a <lean metal
spatula, place the filter paper holding the AgCl
pracipitate atop the blue filter-cover paper. Then
placa the chemical watch glass in an oven, allowing the
precipitate to dry overnight at 45°C (if time i3
particularly short, a drying time of 45 minutes at 65°C
should be sufficient).

Transfer the dry powder sample to a 30 ml dark-g9lass
sample bottle. Wrap parafilm arcund the bottle cap.
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