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AB STRACT

A new vec tor an a lyt i cal method has been de vel oped in or der to ob tain the true iso to pic com po si tion of the 42Ca-48Ca

dou ble spike. This is achieved by us ing two dif fer ent sam ple-spike mix tures com bined with the dou ble spike and nat u ral Ca

data. Be cause the nat u ral sam ple (two mix tures) and the spike should all lie on a sin gle mix ing line, we are able to con strain the

true iso to pic com po si tion of our dou ble spike us ing this new ap proach. Once the iso to pic com po si tion of the Ca dou ble spike is

es tab lished, we are able to ob tain the true Ca iso to pic com po si tion of the NIST Ca stan dard SRM915a, 40Ca/44Ca = 46.537 ± 2

(2sm, n = 55), 42Ca/44Ca = 0.31031 ± 1, 43Ca/44Ca = 0.06474 ± 1, and 48Ca/44Ca = 0.08956 ± 1. De spite an off set of 1.3% in
40Ca/44Ca be tween our re sult and the pre vi ously re ported value (Rus sell et al. 1978), our data in di cate an off set of 1.89‰ in
40Ca/44Ca be tween SRM915a and seawater, entirely consistent with the published results.
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1. IN TRO DUC TION

Dou ble spike tech nique has been widely used to de ter -

mine nat u ral iso tope frac tion ation (Dodson 1963; Hofmann

1971; Galer 1999), how ever, there is yet to be a gen eral con -

sen sus on how to ob tain the iso to pic com po si tion for the

dou ble spike it self. For ex am ple, three Ca dou ble spikes,
42Ca-48Ca, 43Ca-48Ca, and 42Ca-43Ca, have been used to study 

Ca iso tope frac tion ation in var i ous kinds of sam ples. The

iso to pic com po si tions for these dou ble spike sys tems were

cal i brated us ing one of the fol low ing meth ods. The first

method is based on the gravimetric mea sure ment of the en -

riched spikes. As sum ing no stoichiometric ef fect, Rus sell et

al. (1978) weighed the en riched 42Ca and 48Ca salts be fore

the spikes were sub se quently ad mixed and dis solved. The

dou ble spike was then an a lyzed to ob tain the in stru men tal

mass frac tion ation for Ca, nor mal ized to the weighed
42Ca-48Ca ra tio, and then the same frac tion ation fac tor was

used to ob tain a 42Ca/44Ca of 0.31221 for nat u ral Ca (Rus sell

et al. 1978). Due to the large un cer tain ties in weigh ing, Rus -

sell et al. (1978) rec om mended a ±1% er ror for their dou ble

spike iso tope com po si tion cal cu la tion. Sim i larly, Hart and

Zindler (1989) pre pared a 40Ca-44Ca dou ble spike and es ti -

mated that they could de ter mine the Ca iso to pic ra tio with a 

pre ci sion of about ±0.7‰, ap prox i mately an or der of mag -

ni tude better than that of Rus sell et al. (1978).

In stead of mea sur ing the dou ble spike in de pend ently,

sev eral groups used the 42Ca/44Ca of 0.31221 for nat u ral Ca

(Rus sell et al. 1978) to cal i brate each spike in di vid u ally, and

then mixed the two spikes to achieve their own dou ble spike. 

Con se quently, the re sults from these lab o ra to ries (Rus sell

et al. 1978; Skulan et al. 1997; Zhu and Macdougall 1998;

De La Rocha and DePaolo 2000; Heuser et al. 2002; Go -

palan et al. 2006) are self-con sis tent with that of Rus sell et

al. (1978).

The third method was based on the to tal evap o ra tion

tech nique. Us ing this method, Schmitt et al. (2001) de ter -

mined the iso to pic com po si tion of their 43Ca-48Ca dou ble

spike, which was cal i brated rel a tive to 42Ca/44Ca ra tio =

0.30587 ± 26 of sea wa ter. The 42Ca/44Ca of sea wa ter was

also de ter mined from a to tal evap o ra tion ex per i ment (Schmitt 

et al. 2001).

Due to the large weigh ing er rors (Rus sell et al. 1978),

the 42Ca/44Ca = 0.31221 for nat u ral Ca could be rel a tively

im pre cise and in ac cu rate. Nev er the less, with the ex cep tion
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of the to tal evap o ra tion method, the iso to pic com po si tions of 

the dou ble spikes for the other groups were all cal i brated

relative to 42Ca/44Ca = 0.31221. Con se quently, the ac cu -

racy of the iso to pic com po si tion of all these Ca dou ble

spikes should be com pa ra ble to ca ± 1% (Rus sell et al.

1978). How ever, be cause of the self-con sis tent for all the

mea sure ments, the pre ci sion of their Ca iso to pic mea sure -

ments should not be af fected. More over, since all the TIMS

dou ble spike Ca re sults were mea sured rel a tive to the same

in ter na tional stan dard SRM915a, know ing the ab so lute Ca

iso to pic com po si tion of their dou ble spikes was not es sen tial 

for the study of nat u ral Ca iso tope frac tion ation. None the -

less, know ing the ab so lute Ca iso to pic com po si tion of the

dou ble spike and the nat u ral sam ples will help by elim i nat -

ing the need for lengthy inter-lab o ra tory cross-cal i bra tions

in or der to set up a new dou ble spike and re lated ex peri -

mental pro to cols. Fur ther more, know ing the true Ca iso to -

pic com po si tion will be crit i cal in stud ies of small nucle -

osynthetic ef fects on Ca iso topes in prim i tive me te or ites

(Völkening and Papanastassiou 1989).

In this study, we pres ent a new vec tor an a lyt i cal method

to ob tain the ab so lute iso to pic com po si tions for our 42Ca-48Ca 

dou ble spike. In con trast to pre vi ous stud ies, this new met -

hod does not re quire nor mal iza tion to a set iso to pic ra tio,

e.g., 42Ca/44Ca = 0.31221, in or der to cross-cal i brate with the 

re sults of other lab o ra to ries. Lastly, since ab so lute Ca iso to -

pic com po si tions for nat u ral sam ples can be ob tained with

this new method, inter-lab o ra tory ref er ence stan dard and

cross- cal i bra tion of dou ble spikes will no lon ger be nec es sary.

2. THE ORY OF THE DOU BLE SPIKE METHOD

As a first or der ap prox i ma tion, we have as sumed that

both in stru men tal and nat u ral mass-de pend ent frac tion ation

fol low a straight line. A three-di men sional data re duc tion

pro ce dure sim i lar to that de scribed by Galer (1999) has been

adapted in this study. The re la tion ships be tween the nat u ral

sam ple, the mix ture, and the spike it self are best shown in a

3-D plot of 40Ca/48Ca vs. 42Ca/48Ca vs. 44Ca/48Ca (Fig. 1).

The “true” iso to pic com po si tions of the nor mal, mix ture,

and spike are shown as N, M, and S, re spec tively. The vec -

tors ƒn and ƒm rep re sent the the o ret i cal frac tion ation lines of 

TIMS mea sure ments for nor mal and spiked sam ples, re spec -

tively. In prin ci ple, ƒn and ƒm can be de fined by fit ting a

straight line through the re peated mea sure ments for nat u ral

and spiked sam ples, as shown in Fig. 1. In the ory, the “true”

iso to pic com po si tions for N, M, and S should all lie on a

straight line in Fig. 1 (Galer 1999). De spite that the ac tual

po si tions of the nat u ral and spiked sam ples, N and M, are not 

known in the be gin ning, they should lie on the straight lines

de fined by the vec tors ƒn and ƒm, re spec tively. As a re sult,

two planes, Pn and Pm, can be de fined through com bin ing

the spike (S) and the two vec tors, ƒn and ƒm (Fig. 1). Since

both Pn and Pm share a com mon point S, and  N, M, and S

are all col lin ear, the line in ter sect ing by Pn and Pm should

thus re flect the true N-M-S mix ing line (Fig. 1). Con se -

quently, the “true” iso to pic com po si tion of N can be eas ily

es tab lished since it is the in ter cept be tween the N-M-S line

and ƒn, given that the “true” iso to pic com po si tion of S is

known (Galer 1999).

3. MOD U LAR MODEL FROM DOU BLE SPIKE
TECH NIQUE TO SOLVE AB SO LUTE ISO TO PIC
RA TIO FOR DOU BLE SPIKE

In prin ci ple, it is pos si ble to ob tain the ab so lute iso to pic

com po si tion of the spike by re vers ing the above pro ce dures

if the Ca iso to pic com po si tion of the nat u ral sam ple is

known. How ever, the ab so lute iso to pic com po si tion of Ca

nor mally ob tained as sum ing 42Ca/44Ca = 0.31221, should, in

the ory, also in herit the large, ca ± 1%, weigh ing er rors

(Russell et al. 1978). As a re sult, the ac cu racy of the ab so -

lute isotopic com po si tion of the spike de ter mined us ing such 

an ap proach might be ques tion able. Since most Ca iso to pic

data are re ported rel a tive to a known iso to pic stan dard such

as the NIST SRM915a, get ting ac cu rate ab so lute iso to pic

data has be come less crit i cal. As for the pre ci sion of the data, 

they are largely de ter mined by the pre ci sion of the iso to pic

mea sure ment, pro vided that spik ing and iso to pic mea sure -

ment are done ex actly for both the spike cal i bra tion and sam -

ple an alysis. None the less, an in de pend ent as sess ment of

the ab so lute iso to pic com po si tion of the spike, and sub se -

quently the nat u ral sam ples will min i mize the over all un cer -
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Fig. 1. 3D graph i cal rep re sen ta tion af ter Galer (1999), il lus trat ing the

re la tion ships be tween the iso to pic com po si tion of nor mal (unspiked)

N, mix ture M, and the spike S for the Ca dou ble-spike tech nique. The

points N, M, and S cor re spond to the “true” iso to pic com po si tions of

the nor mal, mix ture and the spike, re spec tively. The vec tors fn and fm

are mass frac tion ation lines pass ing through the points N and M, re -

spec tively. The plane Pn is de fined by fpn (nor mal vec tor of ƒn; not

shown) and point S, and sim i larly the plane Pm is de fined by ƒpm (nor -

mal vec tor of ƒm; not shown) and point S. The an gle of in ter sec tion of

the planes Pn and Pm when viewed along the line N-M-S is shown as q.



tain ties in tro duced by spik ing and data re duc tion. This is es -

sen tial for high pre ci sion Ca iso to pic mea sure ment. Fur ther -

more, this will pro vide a crit i cal test of whether there are sys -

tem atic dif fer ences be tween this and pre vi ous re sults.

De spite N, M, and S ly ing on a straight line, add ing the

third vec tor, ƒs from the spike data, can not de fine the mix ing 

line ubiq ui tously, since there ex ist an in fi nite num ber of

lines that can in ter cept with ƒn, ƒm, and ƒs in a 3D di a gram.

How ever, it turns out that by add ing a fourth point, and

hence a to tal of four vec tors, we can de fine the mix ing line

ubiq ui tously. By add ing a sec ond mix ture, we now have the

nor mal (N), two mix tures (M1 and M2), and the spike (S),

and again, these four points should all lie on a straight line.

Sim i larly, the four vec tors, ƒn, ƒs, ƒm1, and ƒm2, are de -

fined by fit ting through the iso to pic data for nor mal, spike,

mix ture-1, and mix ture-2, re spec tively (Fig. 2). In the ory,

there ex ists only one line that can in ter cept with ƒn, ƒm1,

ƒm2, and ƒs, si mul ta neously. Given that N, M1, M2, and S

should be col lin ear, the line in ter cept ing ƒn, ƒm1, ƒm2, and

ƒs must be the true mix ing line of N-M1-M2-S (Fig. 2). The

“true” iso to pic com po si tion of the spike, S, can thus be easily

de ter mined since it is the point where the N-M1-M2-S line

in ter cepts ƒs (Fig. 2). It is quite clear that we can suc cess -

fully ob tain the true iso to pic com po si tions of our dou ble

spike with out the need of a ref er ence ra tio, as was the case in

pre vi ous stud ies.

4. VEC TOR AN A LYTIC METHOD

Data re duc tion is done us ing a pro gram writ ten with the

com mer cial soft ware Matlab, and a brief de scrip tion of how

the cal cu la tions were done are given as fol lows. As sum ing

the iso to pic com po si tion of the spike, S, is known, the pro -

gram starts by com bin ing vec tor ƒn and point S to de fine the

nor mal vec tor ƒpn for plane Pn, and vice versa for ƒpm and

Pm (Fig. 1). Af ter the nor mal vec tors of ƒpn and ƒpm are

defined, the vec tor of N-M-S line (ƒn-m-s) is sub se quently

defined by cross ing these two nor mal vec tors (ƒpn ´ ƒpm).

Since the vec tor ƒn-m-s should pass through the S point, the

equa tion of N-M-S line can be then de fined. Con se quently,

the orig i nal iso to pic ra tio for the nat u ral sam ple (N) can be

ob tained by the in ter cep tion be tween the equa tion of N-M-S

line and ƒn.

Af ter the equa tion of N-M-S line is de fined, we can then

ro tate and shift Fig. 1 to al low the new Z axis as the N-M-S

line, and the new X axis as the pro jec tion of Pn (Fig. 3a). Pn

is also shown as the open cir cles that co in cide with the X

axis, while Pm is shown as the open squares in Fig. 3a. The

an gle be tween Pn and Pm, q, de pends on the dou ble spike

ra tio and the spike to sam ple ra tio in the mix ture (Galer

1999). The point of in ter cep tion in Fig. 3a is re ferred to as

the N-M-S point.

The de ter mi na tion of the true iso to pic ra tio of the dou -

ble spike is il lus trated in Fig. 3b. Al though S is un known in

the be gin ning, it should lie on a straight line de fined by ƒs

(Fig. 2). In prin ci ple, we can use any point on ƒs, say Si, and

com bine it with ƒn and ƒm1 to de fine a N-M1-Si point in

Fig. 3b, and vice versa for an N-M2-Si point. Since N, M1,

M2, and S should be col lin ear, N-M1-Si and N-M2-Si should 

be pro jected on the same point in Fig. 3b. This sug gests that

Si is not the true “S” if there is an off set be tween N-M1-Si

and N-M2-Si Fig. 3b. An it er a tive pro cess is then used to

find the true iso to pic com po si tion of the dou ble spike S.

5. MASS SPEC TROM E TRY

Sam ples were an a lyzed by dou ble fil a ment tech nique

us ing TRI TON of Thermo Finnigan, at IES. Ap prox i mately

1 ~ 2 mg of Ca in ni trite form were loaded on Re fil a ment,

and then heated in air un til the fil a ment was glow ing. For

each iso to pic mea sure ment, the ion cur rent for 40Ca was set

to 3.7 ´ 10-10, 2 ´ 10-10, and 1.5 ´ 10-11 for nor mal, mix ture,

and spike, re spec tively. The work ing tem per a ture for the

ion iza tion fil a ment was ~1400°C, and the work ing cur rent

for the va por iza tion fil a ment is 350 - 500 mA. Cup con fig u -

ra tion is shown in Ta ble 1. Two an a lyt i cal se quences were

re quired be cause the mass dis per sion range in TRI TON is

not suf fi cient to cover the Ca iso topes from 40Ca to 48Ca.

Mass 40, 41, 42, 43, and 44 are mea sured in the first se -

quence, while mass 44 and 48 are mea sured in the sec ond

sequence. A to tal of 6 far a day cups were used, and each cup

was as signed to a spe cific mass to avoid po ten tial non-lin ear

mass dis per sion ef fect from dra matic changes in sig nal in -

ten sity. The 41K was mon i tored to be al ways less than 1.5 ´

10-14 A, and thus in ter fer ence from K at mass 40 is neg li gi ble.

Vir tual am pli fier mode was used through out the ex per i -

ment, in or der to min i mize the in sta bil ity of inter-chan nel

cal i bra tion. The in te gra tion times are also shown in Ta ble 1.
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Fig. 2. 3D graph for a mod i fied dou ble-spike tech nique from Fig. 1.

The four vec tors (fn, fm1, fm2, and fs) and three planes (Pn, Pm1, and

Pm2) are de fined the same as those in Fig. 1.



A to tal of 270 ra tios per mea sure ment was needed for un-

 spiked sam ples, in or der to ac quire ~9.7 ´ 109 ions for 48Ca,

the least small est Ca iso tope in this ex per i ment such that the -

o ret i cally a long term sta tis ti cal un cer tainty of 10 ppm can be 

achieved. As for the spiked sam ples, 135 ra tios per mea sure -

ment were enough to achieve the required precision.

Ap prox i mately 0.1 ml of sea wa ter was spiked and pu ri -

fied by pass ing through a cat ion ex change col umn com -

posed of ~1 ml of AG 50W-X8 200 - 400 mesh resin. The al -

ka lis were re moved by eluting with 30 ml of 0.5 N HCl, and

Ca was sub se quently eluted with ad di tional 8 ml of 4 N HCl.

In or der to con vert the sam ple to ni trate form, it was re-dis -

solved with 0.5 ml of con cen trated HNO3 and dried twice

be fore it was an a lyzed.

6. RE SULTS AND DIS CUS SION

De spite it be ing pos si ble to in de pend ently con strain the

true iso to pic com po si tion for our dou ble spike, it is still cru -

cial to have an op ti mal dou ble spike ra tio, as well as an op ti -

mal sam ple-to-spike mix ing ra tio in or der to min i mize the

un cer tain ties in tro duced dur ing spike de-con vo lu tion cal cu -

la tions. Dif fer ent spike ra tios will re sult in dif fer ent geo -

metry of the Pn and Pm planes in Fig. 1. In prin ci ple, in or -
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Fig. 3. Ro tat ing and shift ing the 3D di a grams from Fig. 1 (a) and Fig. 2 (b) such that the new Z axis co in cides with line N-M-S and the new X axis co in -

cides with plane Pn. q is the in ter sec tion an gle be tween the planes Pn and Pm when viewed along the line N-M-S. Fig. 3b shows the it er a tion pro cess

for find ing the true N-M1-M2-S line, and the N-M1-Si is set to co in cide with the Z axis. By se lect ing a Si (i = 1, 2…), which is any point on the vec tor of ƒs

in Fig. 2, we can sub se quently fix the N-M1-S1 and N-M2-S1 points in Fig. 3b. The pro cess is re peated un til we find Si where N-M1-Si over laps

N-M2-Si in Fig. 3b; the point Si is thus the true iso to pic ra tio for the dou ble spike.

(a)

(b)



der to better de fine the N-M-S line, the an gle of in ter sec tion

q should be large and close to 90° (Figs. 1, 3a) (Galer 1999).

Con versely, if q is ap proach ing zero, the in ter sec tion line

will not be de fined very pre cisely. Il lus trated in Fig. 4 are the 

ef fects of vary ing the sam ple-to-spike and the spike ra tios.

Each curve is plot ted for a dis crete value of Q, which is the

pro por tion of 48Ca (Fig. 4a) and 42Ca (Fig. 4b) of the spike in

the mix ture, with the val ues of 0 and 1 rep re sent ing pure nor -

mal and pure spike in the mix ture, re spec tively.

It is shown in Fig. 4 that the in ter sec tion an gle q re mains

< 45° for all Q val ues less than or equal to 0.7. This im plies

that in or der to better de fine the N-M-S line, most of the 48Ca

and 42Ca in the mix ture should come from the spike. Con -

sequently, the op ti mal dou ble spike iso to pic com po si tion

(42Ca/48Ca) lies around 1.3, which is a com pro mise be tween

Figs. 4a and b. Ev i dently, the in ter sec tion an gle q be tween

Pn and Pm1 and Pn and Pm2 is 67° and 58°, re spec tively.

6.1 Frac tion ation Law and the “True” Iso to pic
Com po si tion

In this study, vec tors are de fined as the di rec tions of

mass frac tion ation for Ca iso to pic mea sure ments, and they

are all straight lines. This ap proach in volves the use of a sim -

ple lin ear re gres sion law, in stead of the com monly used ex -

po nen tial law, in which frac tion ation is de scribed as a curve

(Rus sell et al. 1978), al though ex po nen tial law re mains in -

suf fi cient to fully ac com mo date the mass frac tion ation of Ca 

(Hart and Zindler 1989). Jungck et al. (1984) pro posed a

mod i fied ex po nen tial law, be cause they ob served some sig -

nif i cant and sys tem atic drifts in Ca iso to pic data. Fur ther -

more, Gopalan et al. (2006) used a 42Ca-43Ca dou ble spike

in stead of a more widely adopted 42Ca-48Ca dou ble spike for

their Ca iso to pic mea sure ments, ow ing to a better match be -

tween the ex po nen tial law and the Ca iso to pic frac tion ation

for a smaller mass range. Dif fer ent from pre vi ous stud ies,

we used an em pir i cal 3D fit ting method to de fine the mass

frac tion ation of Ca in this study (Fig. 5). By de fault, this em -

pir i cal 3D fit ting pro duces a straight line that can be eas ily

adapted in the sub se quent vec tor an a lytic cal cu la tion. De -

spite ex po nen tial law hav ing been widely used to cor rect for

mass frac tion ation dur ing iso to pic mea sure ment, it re mains

an em pir i cal ap proach, and pre ci sion and ac cu racy for a

given iso to pic ra tio tends to de grade when mass dif fer ence

in creases (Jungck et al. 1984; Hart and Zindler 1989; Go -

palan et al. 2006).

In or der to as sess the dif fer ence be tween the ex po nen tial 

law and our em pir i cal 3D line fit ting method, we nor mal ized 

the raw data to the “true” 42Ca/44Ca ra tio ob tained from this

study for each set of data, in clud ing the nor mal, the mix -

tures, and the spike, us ing both lin ear and ex po nen tial laws,

and the re sults are shown in Fig. 5. As il lus trated in Fig. 5b,

there is lit tle dif fer ence be tween the data nor mal ized by lin -

ear law, iden ti cal to our em pir i cal 3D line fit ting cal cu la tion,

and that an a lyzed by ex po nen tial law for each sin gle run, nor 

is there much dif fer ence in the grand mean of ev ery set of

sam ples. In fact, the lin ear and ex po nen tial law nor mal ized

grand means are within 50 ppm of each other for all sam ples. 

This re sult is com pa ra ble to or within an a lyt i cal un cer -

tainties for the de ter mi na tion of 40Ca/44Ca (Fig. 5b). This

suggests that within the spread of our data (£ ±0.5%/amu,

Fig. 5a), lin ear re gres sion yields sim i lar re sults to ex po nen -

tial re gres sion. Fur ther more, 40Ca/44Ca ob tained for each

data set lies within the spread of the raw data (Fig. 5a) pro -
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Fig. 4. In ter sec tion an gle q be tween the two planes Pn and Pm (Fig. 1) is plot ted against the 42Ca/48Ca ra tio of the dou ble spike S shown in Fig. 1. Each

curve is des ig nated for a spe cific value of Q, which is the pro por tion of 48Ca in the mix ture M that co mes from the spike (a), and the pro por tion of 42Ca

in the mix ture M that co mes from the spike (b). The op ti mal 42Ca/48Ca ra tio is around 1.3, a com pro mise to max i mize both 42Ca and 48Ca spikes. The

dashed line boxes in di cate the mix tures used in this study.

(a) (b)
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vid ing fur ther sup port to the use of this em pir i cal 3D line fit -

ting method.

Over all mass frac tion ation in each in di vid ual mea sure -

ment, in clud ing 135 sets of raw data, is no tice ably smaller

(~0.6 ‰/amu) than the over all mass frac tion ation of the 10

to 20 mea sure ments (~5 ‰/amu) that are nec es sary for a sta -

tis ti cally sig nif i cant vec tor fit ting. Strictly speak ing, our em -

pir i cal line fit ting ap proach is quite sim i lar to the sam ple-

 stan dard brack et ing tech nique widely used in ICP-MS iso -

topic mea sure ments, with a lin ear fit to both the stan dards

and the sam ples to de ci pher the iso to pic dif fer ences be tween 

them. Lastly, an em pir i cal fit ting line to cor rect for mass

fractionations has been ap plied to La and B iso to pic mea -

sure ments on TIMS with great suc cess (Shen et al. 1992;

Shen and Yu 2003).

The re sults of the NIST SRM 915a and a sea wa ter sam -

ple from the South China Sea us ing our vec tor an a lyt i cal

method are shown in Fig. 6, along with the lit er a ture data of

the same sam ples for com par i son (Heuser et al. 2002; Hip -

pler et al. 2003; Schmitt et al. 2003; Fantle and DePaolo

2005;  Schmitt and Stille 2005; Sime et al. 2005). In gen eral,

the data can be di vided into three groups. The data from

Berke ley, Bern, and Kiel are all sit ting on the up per right

hand side of Fig. 6, and this is be cause their dou ble spikes

were cal i brated as sum ing 42Ca/44Ca = 0.31221 to mon i tor

mass frac tion ation. De spite the same pro ce dures used in these

labs, there ex ists ~1.3‰ dif fer ence among their 40Ca/44Ca

ra tios (Fig. 6). In con trast, the UCSD group (Zhu and Mac -

Dougall 1998) cal i brated its dou ble spike ra tio to 40Ca/44Ca

= 46.083, which was a com mer cial ultrapure CaCO3 stan -

dard, and a mean un cor rected 40Ca/44Ca iso to pic ra tio was

re ported by Jungck et al. (1984). The UCSD data show

~2.3% dif fer ence com pared to those nor mal ized to the re -

sults of Rus sell et al. (1978). Be cause of Ca’s long res i dence

time of ~1 Ma in the oceans, the Strasbourg group cal i brated

its dou ble spike iso to pic ra tio to the 42Ca/44Ca (= 0.30587 ±

26) of sea wa ter, de rived from a to tal evap o ra tion ex per i -

ment, and their data sits on the lower-left hand side of Fig. 6

(Schmitt et al. 2001, 2003; Schmitt and Stille 2005). The

results of the to tal evap o ra tion ex per i ment show ~4.3% dif -

ference com pared to those nor mal ized to the re sults of Rus -

sell et al. (1978).

Dif fer ent from the pre vi ous re sults, SRM915a and sea -

wa ter data ob tained in this study are plot ted in be tween these 

two groups of data (Fig. 6), with 40Ca/44Ca = 46.537 ± 2

(2sm, n = 55), 42Ca/44Ca = 0.31031 ± 1, 43Ca/44Ca = 0.06474

± 1, and 48Ca/44Ca = 0.08956 ± 1. Com pared to SRM915a,

sea wa ter ex hib its an ap par ent off set of 1.89‰ for 40Ca/44Ca

(Fig. 6), which is en tirely con sis tent with pre vi ous stud ies

(Heuser et al. 2002; Hippler et al. 2003; Schmitt et al. 2003;

Fantle and DePaolo 2005; Schmitt and Stille 2005; Sime et

al. 2005). Fur ther more, our data in di cate a 1.3% off set in
40Ca/44Ca for the Earth’s man tle com pared to the pre vious

re sult (Fig. 6) (Rus sell et al. 1978).

6.2 Un der- and Over-Spik ing

The the ory and the ef fects of er ror prop a ga tion for un -

der- and over-spik ing have been stud ied ex ten sively (Dod -

son 1963; Cumming 1973; Galer 1999). How ever, since true 

iso to pic com po si tions of the spike might not have been ob -

tained in pre vi ous stud ies, po ten tial er rors as so ci ated with

in cor rect spike com po si tions have never been ex plored pro -

p erly. In the case of the dou ble spike, the main con trib ut ing

fac tors for er ror mag ni fi ca tion are the in ter sec tion an gle q,

the pro por tion of the spike in the mix ture Q, and the spread

of the raw iso to pic data (Galer 1999). Strictly speak ing,

care ful spik ing and mass spec trom e try can min i mize prop a -

gated er rors as so ci ated with dou ble spike mea sure ment; this

is also true for po ten tial er rors as so ci ated with in cor rect

spike com po si tions. This is il lus trated in Fig. 7 where a fixed 

sam ple-to-spike ra tio still pro duces highly reproducibility

re sults for iso to pic frac tion ation mea sure ment of nat u rally

oc cur ring Ca even with a wrong spike iso to pic ra tio, how -

ever, this is no lon ger true for an un der- or over-spik ing sam -

ple (Fig. 7). Nev er the less, un der- and over-spik ing pres ent

no prob lem if the spike iso to pic ra tio is known. To fur ther

quan tify this, an un der-spik ing and an over-spik ing SRM915a

each with a q of 43° and 77° be tween Pn and Pun der and Pn and 

Pover, re spec tively (Figs. 5b and e), are mea sured. The re sults 

show a 35 ppm shift for the un der-spik ing SRM915a stan -

dard, which is within the lim its of an a lyt i cal pre ci sion, but a

110 ppm shift for the over-spik ing SRM915a stan dard,

which is within 4sm. The slightly worse re sult for the over-

 spik ing sam ple is most likely caused by the fact that the f77

and fs vec tors are too close in the 3D di a gram.
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Fig. 6. 40Ca/44Ca of SRM915a and sea wa ter for this study, as well as

from other lab o ra to ries world wide. The SRM915a data are shown as

open cir cles, sea wa ter data as closed cir cles, and SRM915 from NBS as 

an open di a mond.



6.3 Er ror Es ti ma tion for the True Iso to pic Ra tio of the
Dou ble Spike

The an a lyt i cal er rors for all the mea sure ments are shown

in Fig. 8, while the er rors for all the sam ples are within

100 ppm, the only ex cep tion is the dou ble spike mea sure -

ment, which is slightly worse at about ±0.12‰ (2smean)

(Fig. 5f). This is prob a bly due to the small amount of 44Ca in

the dou ble spike. Fig ure 8 is ac tu ally a cross sec tion of Fig. 3b,

and the er ror bars rep re sent the width for each vec tor in Fig. 3b. 

As a re sult, the hor i zon tal line at Y = 0 in Fig. 8 is the same as 

the N-M-S line in Fig. 1, and the er ror bar re flects the cross

sec tion of a cir cu lar disc per pen dic u lar to Fig. 8. As men -

tioned above, the true iso to pic com po si tion of the spike can

be solved with four dif fer ent vec tors (Fig. 2). Sim i larly, the

N-M43-M58-M67 line can be solved with four vec tors, ƒn,

ƒ43, ƒ58, and ƒ67, and by def i ni tion the N-M43-M58-M67 line 

will also pass through the S point (Fig. 8). Ev i dently, the pre -

ci sion of our dou ble spike de ter mi na tion has im proved from

120 ppm (Fig. 5f) to 74 ppm, through solv ing the N-M43-

 M58-M67 line (Fig. 8). As a re sult, the iso to pic com po si tion

of our dou ble spike is: 40Ca/44Ca = 7.5916 ± 6, 42Ca/44Ca =

101.182 ± 7, and 48Ca/44Ca = 76.756 ± 6.

It is not a crit i cal task to ob tain the “ab so lute” iso to pic

ra tio of a dou ble spike, if the pur pose is only to use the nat u -

ral frac tion ation of sta ble iso topes as trac ers to un der stand

geo log i cal pro cesses. This is be cause mod ern mass spec -

trom e try can eas ily dis tin guish the iso to pic dif fer ences be -

tween a spe cific stan dard and an un known sam ple with rea -

son able pre ci sion, with or with out a cor rect ref er ence ra tio.

Knowl edge of the ab so lute iso to pic com po si tion of the dou -

ble spike, how ever, be comes crit i cal when high pre ci sion

data of 0.05‰ or better are needed. More over, sev eral dif -

fer ent in ter na tional stan dards for dif fer ent types of sam ples

are needed to min i mize er ror prop a ga tion due to a spread in

iso to pic ra tios, and all stan dards need to be cal i brated in de -

pend ently. The method out lined in this study can pro duce the 

ab so lute iso to pic com po si tion of all sam ples, and hence

cross-cal i bra tion with mul ti ple stan dards is no lon ger nec es -

sary. Fur ther more, this method can be ap plied not only to Ca, 

but also to any el e ment with 4 iso topes or more. For ex am -

ple, this tech nique is par tic u larly use ful for the Pb iso tope

sys tem, which has only one iso tope of con stant abun dance.

This tech nique can al low for pre cise de ter mi na tion of ini tial

Pb iso to pic com po si tion of dif fer ent sam ples con tain ing ra -

dio genic or com mon Pb. In ad di tion, it can ac cu rately mea -

sure the ini tial Pb iso to pic com po si tion of the so lar sys tem

and sub se quently the geochron. As a consequence of this

advance better precision and accuracy is now possible when

utilizing the Pb isotope system as a tracer or in age dating.

7. CON CLU SION

The dou ble-spike tech nique has been widely used to

obtain pre cise iso to pic data for el e ments lack ing a pair of

sta ble iso topes with con stant abun dance to mon i tor mass

frac tion ation dur ing iso to pic anal y sis. Ex am ples of this are

Pb, as well as other nat u rally oc cur ring iso to pic frac tion -

ations such as those for Ca, Fe, and Mo. Al though the prin ci -

ples for set ting up a dou ble spike are well es tab lished, the

im por tance of ob tain ing the true iso to pic com po si tion of the

dou ble spike has of ten been over looked. This is par tic u larly

im por tant for high pre ci sion sta ble iso tope anal y sis, since

slight off sets in the iso to pic com po si tion of the dou ble spike

may in tro duce er ror larger than an a lyt i cal un cer tainty, if the

sam ple-to-spike ra tio has not been kept con stant. An other
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Fig. 8. A plot of the sam ple-to-spike ra tio for 42Ca vs. 2sm un cer tainty

for all the sam ples. The 2sm for each sam ple is rep re sented by the width 

of each vec tor (Fig. 3b). The N-M-S line can also be solved us ing 4 in -

de pend ent vec tors, fn, f43, f58, and f67, and by def i ni tion this line will

pass through the spike S. Con se quently, the un cer tainty as so ci ated with 

spike com po si tion is no tice ably im proved com pared to the an a lyt i cal

2sm un cer tainty.

Fig. 7. As shown in the plot, a “wrong” spike ra tio can still gen er ate

highly pre cise and re pro duc ible re sults, as long as the sam ple-to-spike

ra tio is kept con stant. How ever, un der such cir cum stances, un der- and

over-spik ing sam ples will pro duce wrong and irreproducible re sults.



ob vi ous ap pli ca tion is to pro vide better es ti mates of atomic

weights. How ever, since all sam ples ex pe ri ence nat u ral

mass frac tion ation, it is un likely that one would ob tain a

sam ple (or stan dard) of any el e ment that is truly of un frac -

tionated iso to pic com po si tion. Nev er the less, it is pos si ble to

ob tain the ab so lute iso to pic com po si tion of spe cific stan -

dards for el e ments of in ter est, e.g., SRM915a for Ca. How -

ever, since 46Ca was not mea sured in this study, it is not pos -

si ble to pro vide the atomic weight of Ca for SRM 915a.

With im proved mass spec trom e try and know ing the

exact iso to pic com po si tion of our 42Ca-48Ca spike, we are

able to achieve a pre ci sion of 0.05‰ (2smean) or better on a

rou tine ba sis for 40Ca/44Ca. Since our method pro duces ab -

so lute Ca iso to pic com po si tion for all sam ples, as well as the

Ca dou ble-spike it self si mul ta neously, cross-cal i bra tion with

mul ti ple stan dards are no lon ger nec es sary.

Lastly, this method can be ap plied not only to the Ca iso -

tope, but also to any iso tope sys tem with 4 iso topes or more,

e.g., Ti, Cr, Fe, Ni, Zn, Mo, Ba, and Pb, and greatly en hances 

the use of iso topes as trac ers and in age dat ing.
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