
paleocurrents and intraformational uncon- 
formities in the rocks suggest that the inte- 
grated Chinle-Dockum depositional system 
was disrupted when rift-related structures 
began to form (29). 
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Late Proterozoic and Paleozoic Tides, Retreat of 
the Moon, and Rotation of the Earth 

C. P. Sonett," E. P. Kvale, A. Zakharian, Marjorie A. Chan, 
T. M. Demko 

The tidal rhythmites in the Proterozoic Big Cottonwood Formation (Utah, United States), 
the Neoproterozoic Elatina Formation of the Flinders Range (southern Australia), and the 
Lower Pennsylvanian Pottsville Formation (Alabama, United States) and Mansfield For- 
mation (Indiana, United States) indicate that the rate of retreat of the lunar orbit is d(/dt - 
k, sin(26) (where ( is the Earth-moon radius vector, k, is the tidal Love number, and 6 
is the tidal lag angle) and that this rate has been approximately constant since the late 
Precambrian. When the contribution to tidal friction from the sun is taken into account, 
these data imply that the length of the terrestrial day 900 million years ago was -1 8 hours. 

T h e  well-known tides induced on Earth by 
the sun and moon have had several long- 
term effects over the age of Earth. Most 
notably, the transfer of angular momentum 
from Earth to the moon has resulted in an 
appreciable increase in the length of the 
day and a retreat of the moon from Earth. 
Here, we used laminated tidal sediments to 
determine tidal periods back to 900 million 
years ago. From these records, the retreat 
rate of the moon-that is, the evolution in 
time of the lunar semimajor axis-can be 
calculated. In principle, the information de- 
rived from tidal rhythmites (tidalites) can 
also yield the rotational deceleration of 
Earth, the change in the length of day 
(LOD), the rate of generation of terrestrial 
tidal frictional heat, and the variation with 
time of the product of k, and sin(26). Tid- 

alites consist of stacked sets (comtnonly of 
millimeter to centimeter scale) of laminat- 
ed mudstone or intercalated beds of sand- 
stone and mudstone; successive sets exhibit 
progressive vertical thickening and thin- 
ning in response to daily changes in current 
velocities associated with tidal processes. 
Tidalites from a variety of modern set- 
tings-including delta fronts, abandoned 
tidal channels, tidal flats, and estuaries- 
have been described ( 1  ). 

The most comtnon reported tidal cy- 
clicities in the rock record include daily, 
semidaily, and semimonthly periods. Semi- 
monthly (neap-spring) periods reflect phase 
changes of the moon during the half-synod- 
ic inonth and lunar declinational changes 
associated with the half-tropical month (2).  
During the synodic month, tides are higher 
when Earth, the moon, and the sun are 
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moon enclose a right angle (quadrature). 
Spring tides fortn during syzygy (full and 
new moon), whereas neap tides form during 
quadrature (the waxing and waning phases 
of the moon) (3). Deviations from tidal . . 

T M. ~ e h k o ,  Department of ~airth Resources, Colorado equilibrium are always encountered in the 
State University, ~ o r t  Collins, co 80523, USA. tidal record (4); these deviations result from 
"To whom correspondence should be addressed. local tidal geometry and variable basinal 
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harmonic response. Ideally, the lunar syn- 
odic period is estimated by determining the 
neap-spring events in a solar year; this ap- 
proach avoids counting errors arising from 
possible losses of individual laminae. Effects 
of ancient basinal harmonics are often dif- 
ficult to subtract from the rock record. Such 
corrupting effects can be avoided by re- 
stricting analysis to the neap-spring cycle or 
by using very long records of the individual 
semidaily events. We primarily examined 
laminae group widths corresponding to 
neap-spring cycles associated with the half- 
synodic month. 

The tidal sequences we analyzed are pre- 
served in the Big Cottonwood Formation 
(BCC) in Utah, 900 2 100 Ma (million 
years ago) (Fig. 1) (5); the Elatina Formation 
of southern Australia, 650 ? 100 Ma (6); 
the Pottsville Formation of northern Ala- 
bama, 312 2 5 Ma (7); and the Hindostan 
whetstone beds in the Mansfield Formation 
of Indiana, 305 -+ 5 Ma (8). These records 
are separated in time by intervals of -300 
million years (My). The Mansfield and 
Pottsville tidalite ages are based on biostrati- - 
graphic and lithostratigraphic correlations; 
the ages of the Elatina Formation and BCC 
are estimated from adjoining igneous rocks. 
The thickness of the tidalites in each forma- 
tion is variable but is generally a few milli- 
meters. After the cores were halved and 
polished to optimize contrast, we counted 
the tidalites with the use of a binocular 
microsco~e fitted with a micrometer. 

Neap-spring counting previously report- 

I 5 cm I 

Fig. 1. Photograph of polished core of BCC tid- 
alites. Laminae of coarse silt to fine-grained sand 
were transported only during the strongest spring 
tides. The thick dark bands (arrows) correspond 
to neap-tide deposition of fine-grained mud. 

Fig. 2. (A) Time se- 
quence record of se- 
lected part of the Mans- 
field laminae sequence, 
showing several neap- 
spring cycles. A strong 
diurnal inequality is dis- 
closed, indicating a mid- 
latitude origin. (B) Corre- 
sponding full Pottsville 
record of 3000 laminae. 

ed for the Elatina Formation has vielded a 
mean rate of lunar retreat from the late 
Precambrian to the present (6). The lunar 
orbital period has also been inferred from 
studies of intertidal Devonian corals and 
other biota (9). These studies suggested that 
the length of the year was -400 days at 345 
to 395 Ma; this estimate implies a geologi- 
cally late close approach of the moon to 
Earth. but there is no evidence of the 
"megatides" and extraordinary heating that 
would have resulted (10, 11). 

Both the moon and sun induce gravita- 
tional quadrupole moments in Earth. The 
tidal bulee "leads" the Earth-moon and - 
Earth-sun radius vectors by tidal lag angles. 
Tides raised bv the moon are some five 
times those raised by the sun; the two tidal 
perturbations approximately converge at 
syzygy. Angular momentum from Earth's 
spin couples to both the lunar orbit and (to 
a lesser extent) Earth's orbit about the sun. 
The transfer of angular momentum to the 
moon's orbit leads to an increase of the 
major axis of the moon's orbit at the ex- 
Dense of Earth's rotation rate. The lunar 
and solar gravitational potentials, respec- 
tively, at an arbitrary point P on Earth's 
surface are 

(wLa sin w,)' 
- 

2 (1 

(wLa sin w,)' 
- 

2 (2) 

(12), where the subscripts m, s, and e refer 

to the moon, sun, and Earth, respectively; 
M is mass; w, is orbital angular velocity 
(about the center of mass of the system); 9 
is the direction angle to P measured from 
the moon or sun; 5 is the radius vector; cos 
W = sin 0 cos A (where 0 is the colatitude 
of P, A = wt is the time-dependent longi- 
tude measured eastward from the radius 
vector, w is rotational angular velocity, and 
t is time): a is the radius of Earth: and G is . . 
the universal constant of gravita;ion (13). 
In both equations, the second term on the 
right defines the tidal deformation, and the 
third term is the centrifugal potential at P 
resultine from the rotation of Earth about 

c7 

the common center of mass of the system 
(Earth-moon in Eq. 1 and Earth-sun in Eq. 
2). The tide raised on Earth by the moon 
and the sun, respectively, can be written as 

The total terrestrial disturbance potential 
caused by the moon and sun is 

where 4; and 4: are the lunar and solar 
disturbance potentials, respectively. The 
equilibrium tide corresponding to 4, is 
raised semidiurnally on a rotating Earth 
where the spin axis is normal to the plane of 
the moon's orbit. For the present-epoch 
Earth, with orbital obliquity of 23.5" -+ 
1 So, the so-called tidal inequality introduc- 
es a strong latitude-dependent inequality 
(which vanishes on the equator) in the two 
semidiurnal tides. The combination of lunar 
and solar tidal contributions considerably 
alters the tidal problem because of the di- 
urnal inequality of the tides, which are gen- 
erally not collinear. 

Our major specific aim in the data anal- 
ysis was to determine the number of neap- 
spring cycles per year. The year (the orbital 
period of Earth) is reasonably assumed to be 
invariant since the Precambrian. In that 
case, if a yearly (seasonal) period can be 
found, the power spectral density of the 
time sequence of neap-spring periods re- 

Lamina number 
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veals the synodic neap-spring frequency f,. 
The corresponding sidereal period is T,, ,  = 
2/fn - 1; the factor of 2 corresponds to the 
two neap-spring periods per lunar orbital 
period. The semimajor axis is given by 

where eccentricity is ignored 
To  capture the neap-spring cyclicity in 

the BCC records. we reconstructed the core 
time sequence with a singular spectrum anal- 
ysis (SSA) algorithm (14) followed by com- 
putation of.+e periodogram [discrete Fourier 
transform (DFT)]. We checked the results by 
direct counting of neap-spring interval 
thicknesses. Because SSA removes much of 
the noise component by eigenvalue selection 
for the reconstruction, the 2 u  error bounds 
were also determined by maximum likeli- 
hood estimation (MLE) and the raw time 
sequence with initial frequency guesses from 
the DFT (15); statistical error bounds from 
MLE using raw data sequences contain the 
complete spectrum of noise as well as data 
and are the most meaningful measure of 
noise error (16). The BCC data yielded a 
semimaior axis of 3.45 X 10'' cm. Correc- 
tions for apsidal rotation of the moon's orbit 
and nodal regression are ignored because 
these corrections are of the same order as the 

Frequency (per lamina) 

Fig. 3. (A) Periodogram of the Mansf~eld synodic 
data, showing a neap-sprlng region cluster. The 
lunar orbital period corresponding to each peak (in 
days) is shown; the value of 28.3 (in parentheses) 
IS the only member consistent with the Pottsville 
data. (B) DFT of SSA reconstruction of the Potts- 
vllle data. The boxed area is the neighborhood of 
the expected neap-spring period. Other peaks 
can be identified (with perlods ranging downward 
from annual) but appear to be corrupted by loss of 
laminae. Only the line at 0.035 per lamina provides 
a period consistent with the neap-spring period. 

computed random errors of the data. 
Previous reports on the Elatina data (6) 

used the neap-spring (dark band) data. The 
calculation we report is based on MLE; our 
retreat rate is somewhat higher and is more 
consistent with the Apollo data (data gath- 
ered by means of the laser reflector depos- 
ited on the moon during the Apollo pro- 
gram) and the BCC data. The Elatina tid- 
alites appear to be the most noise-free 
records available; MLE confirrns that the 
noise is low. 

The Pennsylvanian records (Mansfield 
and Pottsville) (Fig. 2) are Inore difficult to 
decode because the primary data are indi- 
vidual laminae and any yearly signal is of 
insufficient clarity to provide a yearly neap- 
spring count. Moreover, without an abso- 
lute (for example, annual) time reference, 
these data correspond only to the number of 
terrestrial rotations per lunar orbital period; 
hence, the periods are lower bounds of the 
true lunar orbital period. The Mansfield 
periodogram (Fig. 3A)  discloses a cluster of 
four lines, ranging in synodic frequency 
from 0.035 to 0.045 per lamina, which yield 
a spread of sernimajor axis values. If the 
record of individual laminae is subject to 
erosion and loss of laminae, the least affect- 
ed frequency (based on a scaled spectrum) is 
the lowest frequency. For the Mansfield 
Formation, this synodic frequency is 0.035 

0.34 1 

0 200 400 600 800 1000 

Age (lo6 years) 

Fig. 4. OCG derived from lunar orbltal perlod es- 
timates from tidalite measurements. The modern 
value and estimates from Mansfield data (305 Ma, 
0), Pottsville data (31 2 Ma, a), Elatina data (650 
Ma), and BCC data (900 Ma) are shown. Error 
bars for Elatina and BCC (t 100 My) are not rele- 
vant to estimates of the lunar orbital perlod; these 
bars are absent for the Pottsville and Mansfield 
data because of the small age uncertainty (i -5 
My). The dashed line is a constant-slope datum 
using Apollo values for 5: and dtldt = 3.82 cm 
year ' .  The dotted line is a LLS f~t to the four data, 
unconstrained by the Apollo dtldt.  The solid line is 
a second-order LS fit constrained by the Apollo 
dtldt.  

ver lamina, which is the value used in the 
computation of the orbital curve of growth 
(OCG).  Attempts to "tune" the spectrum 
to basic semiannual and annual tidal peri- 
ods are not sufficientlv viable; further work 
may yield an improve2 Pennsylvanian esti- 
mate of the lunar orbieal period. 

To  improve the signallnoise ratio of the 
Pottsville record, we reconstructed the time 
sequence with SSA (maxiinurn autocovari- 
ance lag = 400; eigenvalue spectrum rank 
from 1 to 12). Fig. 3B gives the DFT of the 
subsequent computation of the spectrum 
from the reconstruction. The long-veriod - L 

record consists of a remarkable sequence of 
relativelv narrow lines, of which the two 
longest ieriods suggest annual and semian- 
nual lines with -5 to 10% loss of laminae. 
As in the case of the Mansfield data, at- 
tempts to tune the freq~~ency scale of the 
spectrum have not yet been successful, and 
we use the same argument to select the 
spectral line at 0.035 per lamina as the least 
corrupted. 

The linear least souares ILLS) "floating" . . - 
fit (that is, a fit unconstrained by the Apol- 
lo data-derived retreat rate) uses BCC, Ela- 
tina, and Mansfield period estimates (Fig. 
4) .  The least squares (LS) fit gives a mean 
retreat rate of 3.25 cm it is influ- 
enced solnewhat by the small error for the 
Mansfield data and more strongly by the 
small range estimate for age. For complete- 
ness, Fig. 4 also shows a linear extrapolation 
from the present retreat rate and sernimajor 
axis of the moon's orbit. It passes through 

Age (1 O6 years) 

Fig. 5. Sldereal lunar orbital perlod (In present- 
epoch days) versus age. The 300-My value 
(Mansfield and Pottsville data) should be revised 
upward by a small but uncertain increment sub- 
ject to an unknown absolute time reference. 

Table 1. Tidalite-derived synodic lunar orbltal pe- 
riods. 

BCC 25.0 25.3 24.7 
Elatina 26.2 26.2 26.2 
Pottsville 28.7 28.8 28.3 
Mansfield 28.3 28.2 28.4 
Modern 29.5 - - 
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the Elatina-derived value of 5 and just graz- 
es the 2 0  error estimate frorn the BCC data. 

Calculation of the second-order LS 
OCG (Fig. 4) is constrained by the Apollo 
dataiierlved retreat rate, d[/dt = 3.82 t 
0.07 cm (17),  and Inore generally by 
the requirement that dt/dt 5 0 so long as 
angular momentum flows from Earth (or, 
equivalently, that +,<,, corresponds to a tid- 
ally "leading" Earth). The value for 5 is 
given for the present epoch (18). The re- 
sponse of the sun to the solar tide raised on 
Earth is to feed angular momentum frorn 
the sun into Earth's orbit. The sun's contri- 
bution jo the Earth-moon problem can be 
handle8 as a perturbation to Earth's rota- 
tion and is therefore not included directly 
in the following discussion. However, the 
sun's tidal potential affects Earth markedly 
through friction and the LOD. 

The Pottsville and Mansfield data (Fig. 
4 )  lie -50 to 6 0  away from the regression 
lines. For the Pottsville, Mansfield,'and Ela- 
tina data, the errors in age are too small to 
show as error bars. The Pottsville and 
Mansfield data may genuinely lie this far 
from the computed regression line; alterna- 
tively, they may be affected by a bias to 
smaller 5 (from laminae erosion), a bias to 
larger 5 (because of the lack of an absolute 
time base), or both. We have included 
these data because of the potential impor- 
tance of the displacement from the OCG- 
computed variation of 5 with time. The 

errors shown in Fig. 4 and discussed here are 
assumed normally distributed random. The 
possibility of significant (nonrandom) error 
from biases remains possible for the Penn- 
sylvan~an data. 

Because the second-order LS fit (Fig. 4) 
is not strictly linear, the working hypothesis 
is that nonconstant tidal friction from the 
late Proterozoic to the present cannot be 
ruled out and requires a longer record of 
tides. Such a nonlinearity is consistent with 
the breakup of Pangaea and the develop- 
ment of shallow seas and higher friction in 
the Paleozoic. However, wave drag and the 
potential importance of oceanic resonances 
leave this matter unresolved (1 9). The si- 
dereal lunar orbital periods for the BCC, 
Elatina, Mansfield, and modern geological 
times are shown in Fig. 5 (with 2u error 
estimates and associated estimates of age 
uncertainties) and are listed in Table 1. If 
we assume that eccentricity can be ignored, 
the torque T on the moon's orbit (ignoring 
the sun's contribution) is obtained by dif- 
ferentiating Eq. 3 with respect to T, 

so that for constant j (that is, constant 
d5/dt), 

<1112 - k ,  sin(26) (8) 

which implies a powerful increase in kz 
sin(26) with increasing 5. Solving Eqs. 7 
and 8 for 6 yields 

t 
6 - 0 . 4 3 ~  

k 2  
(9)  

for small values of 6, where 6 is in centirne- 
ters per year and 6 is in degrees. 

The lag angle is often assumed fixed. 
However, if Takeuchi's k, [see (1 9)] is held 
fixed versus tirne. which seems reasonable. - 

3 1.5'  400 sdo ' ldoo then the lag angle must evolve. Figure 6 

Aae (lo6 vears) gives the lunitidal angle for 0.31 5 k, 5 -~ , , 
0.356 for the assumption of constant fric- 

Fig. 6. Est~mate of k, sin(26) versus age and Q. 
Calculations are based on second-order LS fit to .The lag varies . . from ?"" to 

data (constrained by the Apollo dtldt). In terms of 4.6' the slnallest of and corre- 
Takeuchi's k, (20), k 1  = 0.256 (density, 2.7 g spondingly for larger k,. Corresponding 
~ m - ~ ) ;  k2 = 0,281 (density, 3.0 g ~ m - ~ )  (22); k3 = quality factors Q range from -1 1 to 19; this 
0.29 (23); and k 4  = 0.31 (22). range is compatible with earlier derivations 

Table 2. Late Proterozoic (900 Ma) lunitidal parameters for BCC data. Values in parentheses are 
incremented by 21 %to include the solar contribution to tidal friction. The +2u error estimates are based 
only on internal Gaussian (normally distributed) noise. 

Parameter Mean +2u -20 

Sidereal period (days) 23.4 23.6 23.1 
Semimajor axis (cm) 3.453 X 1010 3.478 X loq0 3.429 X loq0 
Orbital momentum (g cm%-') 2.727 x 1 O4I 2.737 x 1 O4I 2.717 x lo4' 
Torque (dynecm) 9.600 x loz3 9.636 x 1 OZ3 9.567 x 1 OZ3 
Orbital energy (ergs) -4.242 x -4.212 x -4.272 x 1 035 
Length of day (hours) 19.2 (18.2) 19.0 (17.9) 19.5 (1 8.5) 
Days per year 456 (481) 462 (489) 450 (473) 

from Holocene data. Generally, 6 varies by 
-1.6" independently of the Love number. 

Munk and MacDonald (20) estimated 
the present rotational deceleration of Earth 
attributable only to the lunar tidal compo- 
nent to be -4.81 X 10-" rad s-'. The BCC 
(900 Ma) tidalite data indicate that if only 
the lunar component is considered, the 
LOD was 19.2 hours during the late Pro- 
terozoic. If the solar component of 21% is 
added (assuming a common kZ value), then 
the LOD was -18.2 hours at that time 
(Table 2) .  

The energy of the lunar orbit with tirne 
increases (as the major axis grows) at the 
expense of Earth's rotational energy. The 
effect is to lengthen the monthly cycle ob- 
served in the sedimentary record. In all, 
1.32 i 0.18 X ergs of terrestrial rota- 
tional energy was lost over the past 900 My. 
The gain in orbital energy of the moon 
during this time was 3.40 ? 0.03 X 
ergs. The difference appears as thermal 
(frictional) energy, where the generated 
heat H ,,,,, = 2.92 X 1019 esg ssl (exclud- 
ing any solar contribution) (21, 22). This 
value is -50% of that estimated by Munk 
and MacDonald, but it is a mean over 900 
My during which tirne, based on the in- 
crease in tidal coupling with time, the fric- 
tional loss would have varied. This value is 
-10% that of the present-day mantle ra- 
dioactive heat production (8.5 X 10l2 cal 
s-' or 4.5 x cal g-' (22). Table 
2 gives a summary of parameters for BCC 
time (900 Ma). 
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T Cell 'Activation Determined by T Cell Receptor 
Number and Tunable Thresholds 
Antonella Viola and Antonio Lanzavecchia* 

The requirements for T cell activation have been reported to vary widely depending on 
the state of the T cell, the type of antigen-presenting cell, and the nature of the T cell 
receptor (TCR) ligand. A unitary requirement for T cell responses was revealed by 
measurement of the number of triggered TCRs. Irrespective of the nature of the triggering 
ligand, T cells "counted" the number of triggered TCRs and responded when a threshold 
of -8000 TCRs was reached. The capacity to reach the activation threshold was severely 
compromised by a reduction in the number of TCRs. Costimulatory signals lowered the 
activation threshold to -1500 TCRs, thus making T cells more sensitive to antigenic 
stimulation. 

T cells are activated when their TCRs are 
engaged and triggered by ligands on the 
surface of antigen-presenting cells (APCs). 
T h e  natural ligand is a complex of a peptide 
bound to a major histocompatibility com- 
plex (MHC) molecule ( 1  ), but T cells can 
also be activated by bacterial superantigens 
12) and bv antibodies to the TCR-CD3 , , 

complex (3). In different experimental sys- 
tems, the amount of lieand reauired to ac- " 

tivate T cells varies according to the state of 
the T cells (nai've or mernorv) and the , . 
number of adhesion and costirnulatory mol- 
ecules on  the A P C  (4). A limitation of this 
type of analysis is that the T cell response 
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can be correlated only to the relative 
amount of ligand offered, whereas the most 
relevant parameter-the number of trig- 
gered TCRs-remains unknown. This num- 
ber can now be measured by TCR down- 
regulation (5). W e  have used this method 
to determine the number of triggered TCRs 
required for the induction of T cell activa- 
tion and to explain how T cells can respond 
to very few ligands. 

W e  compared three ligands-complexes 
of specific peptide and MHC molecules, 
complexes of the bacterial superantigen 
TSST (toxic shock syndrome toxin) and 
M H C  molecules, and monovalent antibod- 
ies to CD3 (anti-CD3)-with respect to 
their ability to trigger TCRs and activate T 
cells (6). All three ligands induced a dose- 
dependent TCR down-regulation, but the 
efficiencies and kinetics differed (Fig. 1A).  

Number of ligands per cell 

lo3  Triggered TCRs 

Fig. 1. T cells produce IFN-y above a threshold of 
triggered TCRs, regardless of the nature of the 
stimulus. A Vp2+ T cell clone was stimulated with 
specific peptide pulsed on autologous EBV-B 
cells (0), with TSST pulsed on autologous EBV-B 
cells (O), or with monovalent anti-CD3 in the pres- 
ence of FcR+ THPl cells (A). (A) Number of tr~g- 
gered TCRs, measured by TCR down-regulation, 
as a function of the number of ligands per cell. (6) 
IFN-y production as a function of the number of 
triggered TCRs. 

As previously shown (5) ,  a small number of 
peptide-MHC complexes were able to trig- 
ger serially a large number of TCRs. Com- 
plexes of TSST bound to M H C  class I1 
molecules were similarly effective, possibly 
because TSST-MHC complexes ( 2 ) ,  like 
the peptide-MHC complex ( 7 ) ,  bind the 
TCR with low affinity, thus allowing both 
triggering and dissociation. Anti-CD3 was 
much less efficient; the number of TCRs 
down-regulated was always lower than the 
number of antibodies offered. The  high af- 
finity of binding prevents antibodies from 
serially triggering TCRs (8). 

Although the mode of interaction with 
TCR-CD3, the kinetics of triggering, and 
the stoichiornetries were different for the 
three ligands, the responses of the T cells 
were strikingly similar relative to the num- 
ber of triggered TCRs. Regardless of the 
stimulus, T cells produced interferon-? 
(IFN-7) only when 2 -8000 TCRs were 
triggered, and this production rapidly 
reached a plateau at higher numbers of 
triggered TCRs (Fig. 1B). The  plateau was 
lower in cells triggered by anti-CD3 (9). 
T h e  same threshold of activation, both for 
IFN-y production and for cell proliferation, 
was observed with four different CD4+ an- 
tigen-specific T cell clones that normally 
produce IFN-y in the range of 400 to 
20,000 pg/ml. W e  conclude that T cells 
"count" the number of triggered TCRs and 

SCIENCE VOL. 273 5 JULY 1996 




