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A method for the prediction of the interactions within complex reaction networks from 
experimentally measured time series of the concentration of the species composing the 
system has been tested experimentally on the first few steps of the glycolytic pathway. 
The reconstituted reaction system, containing eight enzymes and 14 metabolic inter- 
mediates, was kept away from equilibrium in a continuous-flow, stirred-tank reactor. 
Input concentrations of adenosine monophosphate and citrate were externally varied 
overtime, and their concentrations in the reactor and the response of eight other species 
were measured. Multidimensional scaling analysis and heuristic algorithms applied to 
two-species time-lagged correlation functions derived from the time series yielded a 
diagram from which the interactions among all of the species could be deduced. The 
diagram predicts essential features of the known reaction network in regard to chemical 
reactions and interactions among the measured species. The approach is applicable to 

action mechanism established previously. 
The existence of unmeasured species did 
not compromise the analysis. The quantity 
and precision of the data were not exces- 
sive, and thus, we expect the method to be 
generally applicable. 

This C M C  experiment was carried out 
in a contini~oi~s-flow, stirred-tank reactor 
(CSTR). The reaction network considered 
consists of eight enzymes, which catalyze 
the conversion of glucose into dihydroxy- 
acetone phosphate and glyceraldehyde 
phosphate. Enzymes were confined to the 
reactor bv an ultrafiltration membrane at 
the top of the reactor (4). The membrane 
was oermeable to all low-molecular weieht 

many complex reaction systems. 
c 7  

species (5). 
The inouts are ii)  a reaction buffer. , , 

which provides starting material for the re- 
action network to process, maintains pH 

Traditionally, chemical kinetics reveals mination of ( i )  the number of data points and pMg, and contains any other species 
the mechanism of a chemical reaction hv and time resolution necessarv for analvsis, that act as constant constraints on the svs- , , 

establishing the sequence and rates of ind; both in regard to the number bf time points tem dynamics, and (ii) a set of "cont;ol 
vidual elementary steps. In multistep chem- per chemical concentration series and the species" (at least one), whose input concen- 
ical reactions, such as combustion or meta- number of chemical species that can he trations are changed randomly every sam- 
bolic pathways, complex networks of reac- measured simultaneously, (ii) the effects of pling period over the course of the experi- 
tants and products may be set up that in- measurelnent error, and (iii) the presence of ment. The sampling period is chosen such 
volve numerous ele~nentarv steos and unmeasured soecies. that the svstem almost, but not quite, relaxes 
multiple feedbacks whose significance var- Although Lit is possible to address the to its nonequilihrium steady state. The sys- 
ies at different overall concentrations. issues theoretically, the lllost convincing tem is kept near enough to its steady state to 
Thus, the reductionist approach of identi- argument for feasibility is substantiation hy nlinimize trending (caused by the relax- 
fying and isolating individual reaction steps experiment. We present an analysis of data ation) in the time series, but far enough 
can he experi~nentally daunting in that it for an enzy~natic reaction network, the ini- from the steady state that the time-lagged 
requires purifying the individual compo- tial steps of glycolysis (Fig. 1). Glycolysis is autocorrelation functions for each species 
nents and finding all of the interactions central in intermediary metaholis~n and has decays to zero over three to five sampling 
that constitute the complete mechanism. a high degree of regulation (2 ) .  The  reac- periods. This long decay is necessary if 
These prohlelns are especially prevalent in tion pathway has been well studied and thus temporal ordering in the network is to be 
enzynlatic and genetic reaction systems in is a good test for the theory. Further, the analyzed. 
which the catalyst for a single reaction can reaction ~nechanisln of this part of glycoly- We used capillary zone electrophoresis 
have tens of interacting effectors. sis has been modeled extensively (3). (CZE) (6) to measure accurately the con- 

We recentlv oresented a method, called The  auantitv and orecision of the mea- centrations of most of the small molecular , L 

correlation metric construction (cMC) (1  ), suremen;s repoked liere are sufficient to species that are passed through the mem- 
that takes a different aooroach to the anal- 

L .  

ysis of co~nplex chemical kinetics. A chem- 
ical reaction systenl operating near a steady Glucose 
state (hut far from equilibrium) is subjected creatine-p Creatine 

to random perturbations in the concentra- 
tions of a set of input species. Given that we 
can measure chelnical concentrations of 
species in situ, we analyze the respo~~se of G6P ADP ATP 

these concentrations to the input variation. 
From these time series data, the method is 
used to deduce the reaction pathway under- 
lying the response dynamics. It has heen 
tested successf~~lly on  several numerical 
model reaction systems, but several issues GAP 

need to be addressed to prove experimental 
feasibility. These issues include the deter- 

Departmen; of Chem s t y ,  Stanford Un\iers'ty, Stanford, 
CA 94305. USA. 

'To ivhom corresoondence should be addressed. Citrate-l ~ ~ p - 1  
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Fig. 1. The first few reaction steps 
of glycolysis (7).  Lines ending in cir- 
cles denote regulatory interaction; 
minus signs indicate a negative ef- 
fector; plus signs, a positve effec- 
tor. Creat~ne-P and CK keep the 
concentrations of ATP and ADP 
constant. 



brane. Because the enzylnes are not present, 
the concentrations in aliquots taken from 
the reactor outflow just before the end of 
each salnpling period reflect the concentra- 
tions inside the reactor. The set of perturb- 
ing input species concel~trations and system 
responses form an ordered time series suit- 
able for analysis by CMC. 

We measured the co~Ice~ltrations of PI, 
G6P, F6P, F16BP, F26BP, and DHAP, as 
well as the input and reactor concentrations 
of citrate and AMP (7). We developed a 
CZE detection method specifically for the 
separation and quantification of the metab- 
olites in glycolysis (8). Using 5.5 111M 4- 
hydroxybenzoate (pH 11 .8) as background 
electrolyte and indirect ultraviolet detec- 
tion, we analyzed simultaneously the com- 
ponents mentioned above and several 0th- 
ers in an enzylne buffer (9 .  I ? ) .  The  anal- 
ysis of a single sanlple took less than 6 mi11 
to complete. The  detection limit for each 
species rvas defined as a signal-to-noise 
ratio of 3 :  1 and was deterinined to be 
0.003 ~ I M  for P,, 0.001 mh,I for F16BP and 
F26BP, and C.C02 lnX1 for G6P, FGP, 
DHAP, citrate, and AMP. The error in 
repeated measureme~~ts of standard con- 
centrations of these species was 2% for P,, 
1% for F16BP, 7% for F26BP, 29.0 for G6P, 
3% for F6P, 1% for DHAP, 2% for citrate, 
and 3% for AMP. 

To  begin a CMC experiment, the CSTR 
was primed by flowing in the glycolytic en- 
zyines to the following total activities: 4.0 
iunits of HK, 10 units of PHI, 0.96 units of 

PFK1, 0.25 units of FlGBPase, 0.01 units of 
PFK2::F26BPase, 0.86 units of aldolase, 10 
units of TPI, and 75 units of CK (9). These 
actil-ities were chosen to yield physiological- 
ly relevant concentratio~ls of the inter~nedi- 
ates. with the excewtion of F26BP. the ~ O I I -  

here the angle brackets denote a time aver- 
age over all of the measurements, s,(t) is the 
tth time point of the time series generated for 
species i, and s, is the time average of the it11 
time series. The indices i and j range over all 
species. Other  neth hods of kinetic analysis 
have also used a correlation measure of re- 
latedness between species (1 6). Next, R(7) is 
converted into a Euclidean distance matrix 
with the canonical transformation 

centration of which xas set high enough to 
be nleasurable by our CZE method. 

The input flow into the reactor (held 
constant at C.2 ml/min) contained enzylne 
buffer ( 9 ) ,  which includes, alnong other 
things, 0.6 mM glucose and 2.5 mM cre- 
atine-P. Glucose is the feed-reactant from 
which the process of glycolysis is initiated. 
The co~nhination of CK and creatine-P 
was included to fix the ATP:ADP ratio 

cij = max I T,(T) I , (4)  
during the course of the experiment. The  
reactor steadv state reached when the in- where Ea. 4 defines c.. to he the absolute 
flow contains only these species is defined 
as the reference state; the intermediate 
concentrations were 1.48 mM PI, C.C086 
mM F26BP, 0.20 mM F16BP, C.C72 lnX1 
F6P, 0.3 1 lnX1 GGP, and 0.23 mh.1 DHAP. 

As input species, we chose two well- 
known indicators of cell nutrition level, 
AMP and citrate. AXIP is an activator of 
PFKl and promotes glycolysis (1 1.  12), 
whereas citrate is an inhibitor of hot11 PFKl 
and PFK2 and inhibits glycolysis (1 1 ,  13, 
14). Two 55-point, ~~niformly random, un- 
correlated time series of con cent ratio^^ were 

value of ;he rnaximu1;correlation between 
the time series for s~ec ies  i and that for 
species j, regardless of the value of T. We 
define D = (d,,) to be the distance matrix. 
Finally, a classical multidi~nensional scaling 
(MDS) method is applied to D to find a 
consistent configuration of points repre- 
senting each of the species as well as the 
dinlension A of the system. This calculation 
is accomplished by finding the eigenvalues 
A, and eigenvectors z! of the centered inner 
product matrix B defined by 

generated hy computer: one series for .4MP 
over the range 0 to 0.1 mX1, and one for 
citrate over the range 0 to 1.2 mX1. These 
ranges represent the extreme "physiological" 
concentrations attained by these species. 

A t  the start of the exoeriment, the where H is the centering matrix, I is the M 
X M identity matrix, and 11' is the M x M 
unit matrix. Each eieenvector of B corre- 

systein was placed in the reference state. 
While conser\.lne the ~~o lu rne  of the In- 
flow, we then flowed the first set of input 
concentrations into the reactor. For each 

sponds to a principal coordinate axis for the 
ooints i~nolied hv the distance matrix. The 

set of inputs in the tiine series, the system 
was allo~ived to relax for 1C min, and an 
aliquot (0.1 1111) n7as collected froin the 
outflo\\-. Hydrolysis of the sugars, includ- 
ing F26BP, was minimal as long as the 
sa~noles were either immediatelv analvzed 

kigenvectbrs are horinalized such that z!z, = 
A,. A point represents a particular time se- 
ries generated for a given chemical species. 
The eieenvalue for an eieenvector is a mea- 

u - 
sure of the amount of the total object (the 
set of all of the ~ o i n t s )  ~roiected onto the 

or kkpt frozen. The system was h o n e b  to 
relax for an  a d d ~ t ~ o n a l  3 lnin before the 

. A  , 

particular eigenvector. The dimension of 
the system A is defined to he the minimal 
number of eigenvectors such that greater 
than 99% of the object is projected onto 
those eigenvectors. For graphical purposes, 

input concentrations were changed and 
the process repeated (Fig. 2). This 13-min 
sampling period was chosen to be much 
longer than the residence time of the re- 
actor (-6 min) but, as deterinined empir- 
ically, not enough time for the systein to 
relax coinoletel~ to steadv state after an 

it is often most useful to plot the projection 
of the object on the first two (largest eig- 
envalue) principal axes so that the config- 
uration of woints is easv to visualize. The 

average pe'rturbatlon (1 5): 
The measurements were analvzed ac- 

analysis outlined here is merely the sim- 
plest; lnany impro\~ements are possible. 

cording to the theory presented' in (1) .  
Briefly, the time-lagged correlation matrix 
R(7)  = [T:,(T)] is first calculated with the 
equations 

A representative three-dimensional 
13D) section of the entire correlation func- 

Time (rnin) 

Fig. 2. The tme  courses of measured concentra- 
tlon of the Inputs, AMP and c~trate, In the exoerl- 
ments, w th  t ~ i e  resoonses of tile concentrations 

tion calculated from Eq. 2 is shown in Fig. 
3A. This section shows the lagged correla- 
tions of the time series of all species in the 
system with G6P. I t  shoa-s strong posltlve 
and negative dependencies of G6P varla- 

of PI and of the specles F'6BP. DHAP. F6P, G6P, 
and F26BP. The dotted cu res  are the knou~n S:,j7) = ([si(t) - ?:][s,(t + 7) - TI]) 
~nput concentrations for AMP and c~trate. (1)  
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tion on a number of other species and the 
inputs. The smooth decline, with increasing 
absolute lag, of the autocorrelation of G6P 
from its maximum at T = 0 implies that the 
system is not completely at steady state. 
Thus, some temporal ordering of variation 
in each of the variables may be assigned 
(Fig. 3B). If the time series for a given 
species has a maximum correlation at neg- 
ative lags compared to a reference time 
series, then that species receives the input 
signals after the reference series, and vice 
versa. Similarly, if the two series are maxi- 
mally correlated at zero lag but correlation 
tails to negative (positive) lags, variation in 
the given species closely follows (precedes) 
variation in the reference species. For ex- 
ample, the tailing to positive lags of the 
correlation of G6P with AMP-I implies that 
variations in AMP-I precede variation in 
G6P, that is, variations in G6P are respons- 
es to variations in AMP. 

A graphical matrix summary of the dis- 
tance, connection, and temporal data de- 

rived from the correlation functions is 
shown in Fig. 4. A network hypothesis for 
the system is derived simply by drawing 
arrows, in the directions indicated by the + 
and - svmbols. between all connected me- 
cies. The matrix also gives a rough idea' of 
how "central" each mecies is to the dvnam- 
ics of the network. For example, as indicat- 
ed by the number of dark matrix elements 
in their rows and columns, AMP is a much 
stronger effector of network dynamics than 
is citrate. 

The annotated MDS diagram is automat- 
ically constructed from the data graphically 
displayed in Fig. 4. The diagram summarizes 
the strength of interaction and predicts 
mechanistic connections between species. 
To derive the positions of the species on the 
diagram, one performs MDS on the distance 
matrix. The distance between mints on the 
diagram represents the strength of correla- 
tion between the two species. About 85% of 
the MDS object is contained in two dimen- 
sions. The 2D projection of the object (Fig. 
5A) is thus a fairly good representation of 
the correlation distances among all the spe- 
cies in the network. 

We can analyze the MDS diagram in Fig. 
5A as if we had no knowledge of the gly- 
colytic pathway and then compare the re- 
sults to the known network. First, as expect- 
ed, the measured concentrations of AMP 
and citrate in the reactor are tightly corre- 
lated to their own input concentrations 
(AMP-I and citrate-I; see Fig. 2), and vari- 
ation in the concentrations of these species 
is preceded by variation in their inputs (Fig. 
4). Citrate evidently strongly affects the 

I 
, . . , . . . . , . , . . , . . . . , . . . , , 

-13 -0 -3 2 7 12 
Tlms lag (mln) 

Fig. 3. (A) Plot of the time-lagged correlation func- 
tion R of G6P with all other species. Each lag 
represents a time of 13 min. (B) Graphs of the 
lagged correlation functions in (A) offset to distin- 
guish individual correlation functions. Each suc- 
cessive correlation function, starting with F26BP, 
is offset bv 0.2 unit on the correlation axis. The 
graph clahes the temporal ordering data inherent 
in the correlation functions. For examde, the max- 
imum correlation with F26BP occurs at signifi- 
cantly positive lags, implying that variation in 
F26BP precedes variation in G6P. 

AMP 

Fig. 4. Matrix summary of distance matrix, con- 
nection algorithm, and temporal ordering algo- 
rithm. The shade of each matrii element repre- 
sents the distance between two species, calculat- 
ed from the correlation function matrix by means 
of Eqs. 3 and 4. The darker the shade, the smaller 
the distance (white + dJ = 1.3, black + df = 0.2; 
linear gray scale). A + or - within a matrix element 
denotes that the connection algorithm has as- 
signed a significant connection between these 
two species: a + (-) indicates that response of 
the row species follows (precedes) variation in the 
column species. 

concentration of F26BP: Variation in ci- 
trate precedes variation in F26BP, and in- 
crease of citrate in the system leads to de- 
crease of F26BP. Citrate is positively corre- 
lated with F6P and is unlikely to react 
directly with F26BP; it is therefore predict- 
ed that citrate either inhibits the conver- 
sion of F6P to F26BP or activates the re- 
verse reaction, or both. 

The species F6P and G6P are almost too 
tightly correlated to be distinguished. Giv- 
en their strong correlation, and because F6P 
is a simple isomer of G6P, they probably 
interconvert. The positive correlation be- 
tween them implies that when material 
flows into either species, it is quickly repar- 
titioned between them. Therefore, they are 
likely connected by a quasi-equilibrium re- 
action. According to temporal ordering, 
however, fluctuation in F6P closely pre- 
cedes response in G6P, and thus, G6P is 
mechanistically further from the input spe- 
cies than F6P; that is, variation in the in- 
puts must travel through more reaction 
steps to get to G6P than to get to F6P. 
Thus, although G6P is connected to AMP 
by the connection algorithm, temporal or- 
dering, the strength of the correlation be- 

A M C ~  AMP-I I 

B 

pi*=m. 
AMP-I-AM'~ -I9- 'r ..-I 

DHAP 

Fig. 5. (A) The 2D projection of the MDS diagram 
for the time series shown in Fig. 2. Each point 
represents the time series of a given species. The 
closer two points are, the higher the correlation 
between the respective time series. Lines were 
drawn with the connection algorithm described in 
(1). Black (gray) lines indicate negative (positive) 
correlation between the respective species. Ar- 
rows indicate temporal ordering among species 
based on the lagged correlations between the 
their time series. (B) The predicted reaction path- 
way derived from the CMC diagram. Its corre- 
spondence to the known mechanism (Fig. 1) is 
high. 
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tween G6P and F6P, and the chemical ar- 
gument below imply that that connection 
from AMP may be to F6P. 

The F6PIG6P cluster has a positive cor- 
relation with P, and negative correlations 
with F26BP and AMP. This relation implies 
that F6P and G6P are either converted to 
these species or are involved in reactions 
controlled by them. Thus, because it is easy 
to imagine that F6P is converted to F26BP 
(and back again), and because phosphate is 
produced when F6PIG6P is produced, the 
prediction that F6P is interconverted with 
F26BP is supported. The time ordering of 
the F26BP-F6PIG6P-PI part of the diagram 
may indicate that this reaction pathway 
favors formation of F6PIG6P under the 
present conditions. 

Chemically, there is no clear route be- 
tween F6PIG6P and AMP. However, an 
obvious route exists between F6P and 
F16BP. The F6PIG6P cluster is negatively 
correlated with F16BP, implying that the 
predicted reaction is largely unidirectional; 
that is, F16BP is formed at the expense of 
F6P or vice versa. On  average, a fluctuation 
in AMP temporally precedes a response in 
F16BP and F6P/G6P, but examination of 
the correlation function reveals that fluctu- 
ations in F16BP closely precede (although 
are nearly conteinporaneous with) fluctua- 
tions in F6P. Because AMP is positively 
correlated with F16BP and negatively cor- 
related with F6P/G6P, the prediction of the 
analysis is that AMP activates the conver- 
sion of F6P to F16BP (or that AMP inhibits 
conversion of F16BP to F6P). 

Finally, F16BP is strongly positively cor- 
related with DHAP. The positive correla- 
tion implies that if the two are chemically 
interconverted, then the reaction is most 
likely near a point of quasi-equilibrium. If 
chemical conversion of F16BP to DHAP is 
assumed, then there is a three-carbon frag- 
ment we have not measured in this system 
(this is glyceraldehyde-3-phosphate). Vari- 
ation in F16BP closely precedes variation in 
DHAP, implying that DHAP is further, 
mechanistically, from the inputs than from 
F16BP. 

The pathway as predicted from this anal- 
ysis (Fig. 5B) can be compared to the net- 
work in Fig. 1. Both pathways contain the 
rapid interconversion of F6P and G6P, in- 
terconversion of F6P with F26BP and 
F16BP, and the rapid interconversion of 
F16BP with DHAP, all of which form the 
backbone of the partial glycolytic pathway. 
Citrate is correctly predicted to effect neg- 
atively the conversion of F6P to F26BP, and 
AMP is correctly predicted to activate the 
conversion of F6P to F16BP. 

The choice of specific connections into 
the F6P/G6P cluster made by the connec- 
tion algorithm was not expected. One 

might expect G6P to be less strongly corre- 
lated to AMP and F16BP than is F6P, and 
there is no particular reason that P, should 
be the most highly correlated with G6P. 
There are a number of reasons whv these 
assignments were made, but the Inkt  im- 
portant is that the high correlation of G6P 
with F6P makes distinguishing between 
them statistically nearly impossible. There- 
fore, relatively small amounts of measure- 
ment error in the time series data may lead 
to reassignment of the connections to F6P 
and G6P. Inorganic phosphate is most 
closely associated with the F6PIG6P group 
because F6P is a product in both reactions 
that produce the phosphate. 

The inhibition of the conversion of F6P 
to F16BP by citrate (Fig. 1) was not predict- 
ed. In our experimental system, this inhibi- 
tion is not present. Most early studies (1 1 ,  
13) of the inhibitory effect of citrate on 
PFKl were performed in the absence of 
F26BP. Later studies have shown that 
F26BP combined with AMP decreases the 
inhibitory effect of citrate on PFKl dramat- 
ically (12, 17). In our system, we used an 
excess amount of PFK2 so that we could 
measure F26BP by CZE. The concentration 
of F26BP in the system is about five times 
higher than its physiological level. This high 
level of F26BP may be responsible for dimin- 
ishing the inhibition of PFKl by citrate. 

The CMC theory shows a good predic- 
tion of the reaction pathway from the inea- 
surements in this much-studied biochemical 
system. Both the MDS diagram itself (Fig. 
5A) and the predicted reaction pathway 
(Fig. 5B) resemble the classically deter- 
mined reaction pathway (Fig. 1). In addi- 
tion, CMC measurements yield information 
about the underlying kinetics of the net- 
work. For example, species connected by 
small numbers of fast reactions will have 
smaller distances between them than species 
connected by a slow reaction. We therefore 
conclude that the CMC method is useful 
and predict that it will be applicable to 
many other complex reaction systems. 

There are a number of caveats. The ure- 
dictions about the reaction pathway pro- 
vide Inany essentials of the sequence of 
steps and types of interactions that exist 
among the measured species of the network, 
but do not provide all of the details of the 
chelnical mechanism. Furthermore, because 
not all species in the network were mea- 
sured, we do not predict the entire pathway 
but only the part specifically involving the 
measured species. The fact that the calcu- 
lation yields a reasonable pathway in the 
absence of full information is a strength of 
the analysis. Analyses currently under de- 
velopment are concerned with better esti- 
mates of the deuendence of variation in one 
variable on variation in the others and de- 

tecting the presence of members of the 
network that are missing from the time 
series. 

Finally, the interactions predicted by 
the CMC analysis are always in reference 
to the reaction conditions, including pH, 
temperature, and inflow species concen- 
trations. In our experiment, for example, 
the inhibitorv effect of citrate for conver- 
sion of F6P td F16BP was missed, probably 
because of the nonphysiological concen- 
tration of F26BP. If we had seeded the 
reactor with a different concentration of 
PFK2::F26BPase, although we would not 
have been able to measure F26BP, we 
might have seen this interaction. 

Even in the face of these difficulties and 
constraints, CMC provides a powerful 
method for analyzing multivariate chemical 
and biochelnical time series in order to 
produce pathway hypotheses and predict 
likely points of control. Such analyses are 
becoming increasingly important with the 
advent of analvtical methods for multivari- 
ate time-resolved measurements of chemi- 
cal and biochemical concentrations such as 
CZE and parallel gene expression monitor- 
ing from DNA chips. 
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with an HP " Capillary Electrophoresis machine 
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eauipped w~ th  photod~ode-array detection. The 
fused s'lica caplllares used in the experiments were 
53 cm In total length (45-cm effective length) vvitti a 
50-km inner d~ameter and a320-km outer d~ameter 
Running condit~ons were as follows: voltage, --20 
kV, current, 17.6 FA; electrolytes, 5 5 mM 4-hy- 
droxybenzoate and 0 5 mM tetradecyltrimethyam- 
monium bromide, pH 11.6 

11 R. G. Kemp, J. Biol. Chem. 246, 245 (1971). 
12. E. V. Schafiingen, M. F Jett, L Hue, H G Hers, 

Proc. A1atl. Acad. Sci. U S.A. 78, 3483 (1981). 
13. G. Colombo, P. W Tate, A. V\/ G~rott~, R. G Kemp, 

J Biol. Chem. 250. 9404 11 975). 
14. E. V. Schaftngen and H G. Hers, Biochem. Biophys. 

Res. Commun 101, 1078 (1 981). 
15. The enzyme activities were not constant dur~ng the 

entlre 12-hour sampling per~od. Six separate exper- 
iments of 2 to 3 hours each were conducted, w~ th  the 
same amount of enzymes (by we~ght) In each exper- 
iment Nonetheless, ttie enzyme activities differed 
sght ly bet1,veen experiments, as indicated by a 
change in the unperiurbed steady-state concentra- 
t~ons of the measured specles. In order to make the 
time serles bet1,veen experments match, we multl- 
pled the concentrat~ons from the t m e  ser es n each 
exper~ment by the approprate ratio of the reference 
concentrat~on (as def~ned above) to ttie measured 
unperturbed steady-state concentration In order to 
repeat ttie last time polnt of a prevlous experlment, 
each experiment repeated the last two to three sets 
of Input from ttie prevlous exper ment 

16. D. A. Card, D. E Folmer, S Sato, S. A. Buzza, 

40Ar/39Ar Dating into the Historical Realm: 
Calibration Against Pliny the Younger 

P. R. Renne," W. D. Sharp, A. L. Deino, G. Orsi, L. Civetta 

Laser incremental heating of sanidine from the pumice deposited by the Plinian eruption 
of Vesuvius in 79 A.D. yielded a 40Ar/39Ar isochron age of 1925 i 94 years ago. Close 
agreement with the Gregorian calendar-based age of 1918 years ago demonstrates that 
the 40Ar/39Ar method can be reliably extended into the temporal range of recorded 
history. Excess 40Ar is present in the sanidine in concentrations that would cause 
significant errors if ignored in dating Holocene samples. 

T h e  ability to date geological events in the 
recent past is increasingly important in many 
areas of earth science. Applied to volcano- 
genic materials of high potassium content, 
the "Ar/"K method of dating has been used 
to date samples into the Holocene, that is, 
less than 12,000 years old (1  ) ,  although the 
precision is lower than is colnmonly reported 
for 14C, uranium series, or other methods. 
T h e  4%r/3gAr variant of this method, in 
which 42K is measured by proxy through 
39Ar in irradiated samples ( 2 ) ,  potentially 
allows recognition of xenocrystic contami- 
nation, nonatmospheric initial argon, and 
argon loss. For example, a young '2Ar/39Ar 
date of 5.3 ? 0.3 thousand years ago (Ka) 
has been reported (3 )  for sanidine from a 
tephra derived from the Mono Craters, Cal- 
ifornia, whose age had been previously con- 
strained by 14C at 4.6 ? 0.1 Ka. Determina- 
tion of this '2Ar/39Ar model age relied o n  
the assumption that the significant scatter in 
apparent ages of single crystals was a result 

P. R. Renne, Berkeley Geochronology Center, 2455 
R~dge Road, Berkeley, CA 94709, USA, and Depariment 
of Geology and Geophyslcs, Univers~ty of California, 
Berkeley, CA 94720, USA, 
W. D. Sharp and A. L. Deino, Berkeley Geochronoloqy 

only of xenocrystic contamination. 
Dating minerals in volcal~ic ejecta such as 

sanidine, which is potassium-rich and is 
thought to efficiently exclude initial argon at 
magmatic temperatures, is the most prolnisi~lg 
approach, although the possible effects of xe- 
nocrystic contamination (4) can be problem- 
atic. Analysis of single crystals, for example by 
laser fusion, can obviate xenocrystic contam- 
ination (5), but single crystals are seldom 
large enough to yield reliably nleasurable 
auantities of 4%r+llrouoh radiogenic in- " " 
growth in the Holocene. A relatively large 
spherical sanidine crystal 2 inrn in diameter 
with 10 weight % K produces only about 2 x 
lO-'%l~oles of 4%r'"11 5000 vears. and this , . 
quantity is one or two orders of magnitude 
smaller than the best attainable procedural 
background levels of '%r. 

We  sought to investigate the limits of the 
4oAr/39Ar method by application to ejecta 
from the i~~famous eruption of Vesuvius, 
which destroyed Pompeii and other Roman 
cries, as doculne~~ted in the writings of Pliny 
the Younger (6).  Vesuvius erupted pumice 
clasts up to 36 cm long beginning in the early 
afternoon of 24 Aueust 79 A.D.. 1918 calen- , u 

dar years ago. The  white pumice that erupted 
Center, 2455 Ridge Road, Berkeley, CA 94709, USA initially is highly alkaline and colltaills to 
G. Ors~, Dipariamento di Geof~sica e Vulcanologia, Unl- 
versltA di Napoli, Largo Santo Marcelino 10, Napol~, Italy. "lo phenocrysts with 13.7 to 15.7 
L. Cvetta. D~~ar iamento di Geofislca e Vucanoloaa Un - weieht % K,O 17), which are LID to 8 mm in ' , , .  
vers'th dl ~ a b o l ~ ,  Largo Sanio Marcelno 10, ~ a p i l i ,  Italy, diameter. A salllple of was col. 
and Vesuv~an Volcanological Observatory, 249 V a  Man- 
zon, Napo~ ,  Italy. lected at the Villa of Poppea, which was bur- 

ied in the eruption and has only recently been 
*-o whom correspondence should be addressed at 
Berkeley Geochronology Center, 2455 Ridge Road, excavated. 
Berkeley, CA 94709, USA. W e  divided irradiated sanidine from the 
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pumice (8) into 12 samples totaling 0.430 g 
and analyzed them by incremental heating 
with a CO, laser (9).  The  samples yielded 
imprecise and dispersed apparent ages (1 0)  of 
24 to 521 Ka in the lower (1  to 2 W )  laser 
power steps, which decreased and became 
more ~lnifornl (2  to 26 Ka) at 4 to 6 W ,  and 
became uniformly 2 to 3 Ka in the 7- to 20-W 
steps. The  1- to 2-YV initial steps, each of 
which contained less than 0.1% of the total 
39Ar released, yielded ' % ~ r / ~ ~ A r  values of 
298 to 323, which are statistically indistin- 
guishable a t  95% confidence (critical value 
test) from the  atmospheric ratio of 296 
( 1  1 ) .  A table of the  argon isotopic data is 
available to Science Online subscribers at 
www.sciencemag.org. 

Cast on an isotope correlation diagram 
(Fig. I ) ,  the data define an isochron (1 2)  that 
yields an  intercept corresponding to '%A/ 
3%rK = 0.07551 ? 0.0037, equivalent to an 
age of 1925 i 94 years. The  initial 42Ar/36Ar 
ratio defined by the isochron is 306.9 i 1.3, 
significantly higher than the atmospheric val- 
ue and indicative of a trapped component of 
extraneous "Ar. Excluding the 1- to 2-W 
steps, which are most likely to contain a sig- 
nificant proportion of adsorbed surficial argon 
(Fig. 1, inset), the remaining 33 steps yielded 
an isochron with indistinguishable age 
(1927 i 102 years) and initial 4%r/3%r 
(306.9 i. 1.5) compared with results from the 
entire data set. The  mean squared weighted 
deviation (blSYVD) values of 0.51 (N = 46) 
and 0.55 (N = 33) indicate that obserred 
scatter about the isochron is less than would 
be expected from the errors in the individual 
analyses; therefore, the errors on individual 
analyses are llkely to have been slightly over- 
estimated, or some error correlations are un- 
accounted for in the regression used. Because 
there is no  objective basis for excluding the 
lowest temperature steps, we prefer the iso- 
chron obtained from all 46 analyses as the best 
estimate of the age of this sample. 

The  presence of extraneous '%r is sub- 
stantiated by the total gas results; the 4CAr/ 
39Ar apparent age (10) calculated from the 
sum of all gas released is 3300 i 500 years, 
clearly distinct within error from the known 
calendar age. With  the kno.ivn age, the con- 
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