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Evolutionary and Preservational
Constraints on Origins of
Biologic Groups: Divergence
Times of Eutherian Mammals

Mike Foote,’* John P. Hunter,? Christine M. Janis,?
J. John Sepkoski Jr.’

Some molecular clock estimates of divergence times of taxonomic groups
undergoing evolutionary radiation are much older than the groups’ first ob-
served fossil record. Mathematical models of branching evolution are used to
estimate the maximal rate of fossil preservation consistent with a postulated
missing history, given the sum of species durations implied by early origins
under a range of species origination and extinction rates. The plausibility of
postulated divergence times depends on origination, extinction, and preserva-
tion rates estimated from the fossil record. For eutherian mammals, this ap-
proach suggests that it is unlikely that many modern orders arose much earlier

than their oldest fossil records.

The molecular clock hypothesis (/) some-
times yields estimated times of origin of ma-
jor biologic groups-that substantially predate
their oldest known occurrences in the fossil
record, especially when massive evolutionary
radiations have occurred (2-7). A large dis-
crepancy between a group’s origin and its
oldest observed fossil occurrence may imply
an extraordinarily incomplete fossil record
(3). If lineages continually branch, with few
daughter branches surviving for tens of mil-
lions of years (8—10), much more diversity
may be missing than suggested. by a simple
tally of gaps between postulated origins and
oldest fossil appearances of lineages extant
today (Fig. 1). Thus, postulated early diver-
gence times may implicitly require much
lower rates of origination and extinction than
measured in the fossil record or unusually
low rates of preservation during certain inter-
vals of geologic time. To test divergence
times, we must therefore have good estimates
of rates of taxonomic evolution and of fossil
preservation. Here we build upon the stan-
dard birth-death model (8, 9) that has been
applied to a range of paleobiological prob-
lems (9, 11-13). To test the specific case of
eutherian (placental) mammals, we use con-
servative hypotheses of diversity history, as-
suming monotonic increase in species diver-
sity from the postulated time of origin of the
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taxonomic group to the time it is first ob-
served in the fossil record (Fig. 2), but the
approach is more general.

The question of interest is to estimate how
low the rate of fossil preservation must be for
all species of a group to escape detection over
a specified interval of geologic time. To in-
corporate incomplete preservation of fossil
taxa into our branching model, we treat pres-
ervation as a time-homogeneous Poisson pro-
cess (/4—-17). Because the branching model
explicitly considers only the divergence of
species, not their morphological evolution,
we assume that morphological divergence oc-
curs soon enough after lineage splitting so
that daughter species, if discovered, would be
recognized as distinct from their ancestors.
We contrast two alternatives: total lack of

Fig. 1. Hypothetical illustration A
of the missing diversity problem.
Species 1 through 5 comprise the

preservation and preservation at least once.
We consider a hypothesis of missing diversi-
ty plausible if the probability of complete
nonpreservation of the group is at least 0.5.
This is a conservative value.

We estimate the sum of missing species
durations implied by a hypothesized divergence
time. This sum increases with (i) the length of
missing history, (ii) the diversity at the end of
this interval, and (iii) the extinction rate in most
diversity models (Fig. 3) (13, 18). Increases in
all three parameters demand more extinct spe-
cies evolving before the time that the group is
first observed. Because the length of missing
history and the minimal diversity at the group’s
first fossil appearance are given by the hypoth-
esized time of origin and by observed fossils,
the parameters that need to be constrained are
extinction rate and preservation rate. For a
group’s summed species durations to be unob-
served, the extinction rate, the preservation rate,
or both must fall below some threshold (Fig. 3).
We can thus place upper probabilistic bounds
on the rates consistent with the hypothesis of
early origins and unobserved diversity.

The known fossil record of modern eu-
therian mammals has a concentration of ordinal
first appearances during the early Tertiary (/9—
21). There are no unequivocal, pre-Tertiary oc-
currences of modern eutherian orders or su-
praordinal groupings (22), and the low resolu-
tion of morphological and molecular phylog-
enies (19, 23) suggests that the orders arose
within a short period of time, whether within or
before the Tertiary. Some molecular clock cal-
culations nevertheless suggest ordinal origins at
widely spaced times during the Cretaceous, as
much as 129 = 18.5 million years (My) ago (4).
This implies a missing history of 64 My for the
group and a minimal diversity of nine species
(the number of orders or supraordinal group-
ings) at the end of this interval (Table 1 and Fig.
3). Nine species is an absolute lower bound, as
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it treats each major lineage as if it consisted of
a single species. If the extinction rate were on
the order of 0.1 per lineage-million-years
(Lmy), a low value for mammals (14, 24, 25),
then summed species durations would be on the
order of 1000 Lmy (/3). This large a sum of
missing durations demands a preservation rate
on the order of 7 X 10™* Lmy ™! or lower (17).
If we take the nine lineages individually and
assume no extinction or origination, then we
have the absolutely minimal sum of missing
durations of these lineages (the sum of postu-
lated gaps), or 346 Lmy. This still requires a
preservation rate of 2 X 1073 Lmy ™! or lower.
Other treatments of the hypothesis, including
several in which we minimized summed spe-
cies durations by assuming no extinction and
several in which we accepted that the modern
eutherian fossil record starts at 85 My ago,
which implies fewer than nine lineages at the
start of the fossil record (4, 26), yield compa-
rable results (Table 1 and Fig. 3).

Estimated preservation rates for Cenozoic
mammals (14, 24) are at least two orders of
magnitude higher than those required by the
early-origins hypothesis, but one could ex-
pect that Cenozoic rates overestimate Creta-
ceous values: Cretaceous mammals were
small (mostly under ~2 kg in body mass),
whereas many Cenozoic species were larger
(27). We therefore used known Late Creta-
ceous mammals to measure preservation rate.
Because there are no unequivocal modern
eutherians in the Cretaceous, we measured
preservation and extinction rates for Late
Cretaceous species in all other mammal
groups known. We estimate that the extinc-
tion rate for Late Cretaceous mammals is
~0.25 = 0.034 Lmy~!, lower than observed
Cenozoic rates (14, 24, 25), and that the
preservation rate is ~0.03 = 0.0038 to
~0.06 * 0.0086 Lmy~! (28).

This preservation rate is lower than simi-
larly derived estimates for Cenozoic mam-

Diversity

Time

Fig. 2. Comparison of expected diversity in
models (73), illustrated with ¢ = 0.25 Lmy~",
T = 50 My, N = 10 species, and p = g +
[n(N)/T, values similar to those in the empirical
case we examine. Dotted line is exponential
growth. Short-dashed line is diversity before
time T conditioned upon survival of group to
time T. Long-dashed line is diversity before
time T conditioned upon diversity exactly equal
to N at time T. Solid line is diversity before time
T conditioned upon diversity greater than or
equal to N at time T.
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mals (14, 24, 29) but is higher than the rates
required by the hypothesis of missing euthe-
rian diversity (Table 1). Even with the most
generous treatment of the hypothesis, the
preservation rate required is about an order of
magnitude lower than our estimates, and the
probability of complete nonpreservation is

only 0.02 (Table 1). We therefore find it
difficult to support an extensive missing his-
tory of modern eutherians. Only if most of the
divergences occurred within the last few mil-
lion years of the Cretaceous, implying a long
lag after the postulated origin of modern eu-
therians (4), could one support pre-Tertiary
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Fig. 3. Analysis of the hypothesis that many lineages of modern eutherians originated before the
Tertiary (4, 13, 17). T is taken to be 64 My, N is taken to be 9 species, and g is taken to be 0.25
Lmy~" (see text). (A to C) Exponential diversity model; (D to F) diversity before time T conditioned
upon minimal diversity of N at time T; other diversity models yield results between these extremes.
(A and D) Variation in T with N = 9 species and'q = 0.25 Lmy~". (B and E) Variation in N with
T = 64 My and g = 0.25 Lmy~". (C and F) Variation in g with T = 64 My and N = 9 species.
Left-hand ordinate (solid line), expected sum of species durations, S (73). Right-hand ordinate
(dashed line), preservation rate required to yield a probability of complete nonpreservation exactly
equal to 0.5 (77). Shaded area beneath corresponds to probabilities of nonpreservation greater than
0.5, and thus to combinations of preservation rate and value of abscissa for which the correspond-
ing amount of missing diversity is plausible. For example, in (D), g = 0.25 Lmy~ " and N = 9 species.
If T = 40 My, then S = 918 Lmy. This value of T implies that r__, = —(n(0.5)/918 = 0.0008 Lmy~".
For this value of r, any value of T less than 40 My yields a probability of nonpreservation of the
group greater than 0.5 (the shaded region), and, for this value of T, any value of r less than r,__
yields a probability of nonpreservation of the group greater than 0.5. As T increases so does S, and
thus an ever smaller value of r is required to make group nonpreservation likely. The same is true
for an increase in N with T and q fixed (B and E) or an increase in g with T and N fixed (C and F).
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divergences of modern eutherian lineages
(30) (Figs. 1B and 3D).

Several hypotheses could explain the dis-
crepancy between our results and the postu-
late of missing eutherian history: (i) Creta-
ceous members of the modern eutherian or-
ders are preserved and described, but they are
not recognized because they are so primitive
and lack most diagnostic features (3). This
requires both that morphological evolution be
largely decoupled from lineage splitting and
molecular evolution and that eutherians ex-
perienced much lower rates of morphological
change through the Cretaceous than during
the Cenozeic, two conditions that may be
testable. (i) Modern eutherian lineages exist-
ed through the Cretaceous, but their preser-
vation rates were generally lower than those

REPORTS

of species in other mammal groups. This
difference in preservation rates would have to
be more than an order of magnitude, for
which we can offer no support (37). (iii)
Modern eutherian lineages diversified in re-
gions that have no known Late Cretaceous
mammals (such as Africa, Australia, and Ant-
arctica) and suddenly dispersed widely dur-
ing the early Tertiary. This “Garden of Eden”
hypothesis is testable with intensive explora-
tion of the fossil record of the regions in
question (32). (iv) The hypothesis of exten-
sive missing history is wrong, because rates
of molecular evolution are heterogeneous
among lineages (33, 34) or, more important-
ly, over time (7, 33-37). If, as sometimes
suggested, molecular evolutionary rates
speed up during times of evolutionary radia-

tion (7, 33, 36, 37), then divergences during a
Tertiary radiation might spuriously appear to
have occurred earlier, especially if, as in (4),
the molecular clock is calibrated with line-
ages that diverged long before the Tertiary
(synapsids and diapsids), in what appears not
to have been a remarkable radiation. This
possibility, which is testable (38), is consis-
tent with Kumar and Hedges’s (4) analysis of
major vertebrate lineages, which shows that
estimated divergence times and oldest fossil
occurrences agree fairly well for many grad-
ually diversifying higher taxa but not for the
rapidly diversifying, extant eutherian orders.

Our branching model approach is readily
applicable to other cases, such as the postu-
lated origins of a number of animal phyla
some half-billion years before the Cambrian

Table 1. Analysis of the hypothesis that many modern eutherian lineages
arose before the Tertiary (4, 73, 77). N is the minimal number of species
present at the time the group is first found in the fossil record, T is the time
between the postulated origin of the group and its first fossil appearance, g
is the extinction rate, § is the expected summed species durations, r,.,,, is the
preservation rate that yields a probability of 0.5 that S will completely
escape preservation, and P is the probability that S will completely escape
preservation if r = 0.03 Lmy ™" (see text) (that is, P = e ~%93%), For the

bottom part of the table, S is the grand sum of summed species durations
of the individual lineages. See (73) for exponential (E) and conditional (C)
diversity models; the latter conditions upon minimal diversity of N at time
T. Results of the other models (73) are within these extremes. We do not
consider the “star phylogeny” model, in which all extant lineages diverge
at the origin of the group, because it is inconsistent with the hypothesis
we are testing. That model yields even greater summed species durations
than those we present.

g = 0.0 Lmy’ g =0.1Lmy’ g = 0.5 Lmy~’
N T (My) Model Froax . Froax
S (Lmy) (1074 P S (Lmy) (1074 P S (Lmy) (1074 P
Lmy~") Lmy~") Lmy~")
Modern eutherian considered as a whole
9% 647 C 401 17 6X 1076 939 7 6Xx 1013 3153 2 8 X 10742
9% 6471 E 233 30 9Xx 104 233 30 9Xx 1074 233 30 9Xx 1074
14% 64+ C 566 12 4x10°8 1216 6 1X 10776 3889 2 2% 10757
141 64+ E 315 22 1Xx 1074 315 22 1X10°4 315 22 1X 1074
7§ 44§ C 227 31 1X10°3 454 15 1X10°° 1400 5 6Xx10°1°
7§ 44§ E 136 51 2X1072 136 51 2X 1072 136 51 2X 1072
10| 44§ C 300 23 1% 1074 562 12 5% 1078 1653 4 3 10722
10] 44§ E 172 40 6X 1073 172 40 6Xx1073 172 40 6Xx 1073
Modern eutherians considered as individual lineages
9%q C 346 20 3X 1075 1337 5 4Xx 10718 5478 1 4X 10772
9*q E 346 20 3X10°° 346 20 3X 1075 346 20 3X10°°
1419# C 487 14 5X 1077 1784 4 6 X 10724 7216 1 1X 10794
1419# E 487 14 5X 1077 487 14 5X1077 487 14 5X 1077

*Modern placental lineages that are implied by hypothesis (4) to have diverged during the Late Cretaceous and to have passed unpreserved into the Paleocene are Edentata,
Sciurognathi, Hystricognathi, Paenungulata, Cetartiodactyla, Perissodactyla, Carnivora, Lagomorpha, and Scandentia. 1T is the difference between the postulated divergence time
of Edentata [129 million years ago (Ma)] (4) and the oldest fossil record of undisputed modern placentals in the early Paleocene (27) at ~65 Ma (42). {Except as otherwise noted,
we use the phylogenetic relationships in Kumar and Hedges's (4) hypothesis in order to test their postulated divergence times. The hypothesis in question omits a number of modern
orders. Some of these can be inferred to extend into the Cretaceous if we accept Kumar and Hedges's divergence times and supraordinal groupings while incorporating additional
interordinal relationships expressed in the widely cited, morphologically based phylogeny of Novacek (79). In this way, at least five additional lineages of modern placentals are inferred
to have diverged during the Late Cretaceous: Macroscelidea, Lipotyphla, Primates (Dermoptera + Chiroptera), and Tubulidentata. Whether Pholidota should also be incorporated
depends on how inclusive Edentata is in (4); we have left it out in order to be conservative. §If Kumar and Hedges's (4) divergence times and supraordinal groupings are accepted,
and the beginning of the modern eutherian record is taken to correspond to the putative ungulatomorphs at ~85 Ma (4, 26) or to the Campanian zalambdalestids [putative lagomorphs
(21)], or both, then T is reduced to 44 My and N is reduced to 7 lineages: Edentata, Sciurognathi, Hystricognathi, Paenungulata, Ferungulata (sensu Kumar and Hedges), Lagomorpha,
and Scandentia. [Three additional lineages must have diverged before 85 Ma if, as above, the phylogeny of Novacek (79) is used to supplement the hypothesis of Kumar and
Hedges (4): Macroscelidea, Primates, and (Dermoptera + Chiroptera). {The calculations in the top part of this table use only the oldest postulated divergence time. Here we treat
the minimal number of lineages individually, each constrained with its own amount of missing time and with a minimal diversity of one species at the end of this time. The missing
time, T, for an individual lineage is the difference between its postulated divergence time and the time of its oldest fossil record. For lineages added on the basis of Novacek’s (79)
phylogeny,* the divergence time is the youngest time consistent with his phylogeny and with Kumar and Hedges's postulated divergence times (4). The divergence times, oldest fossil
occurrences, and estimated absolute ages (42) of oldest fossil are: Edentata, 129 Ma, late Paleocene (27), 60.5 Ma; Sciurognathi, 112 Ma, late Paleocene (27), 60.5 Ma; Hystricognathi,
109 Ma, early Eocene (27), 56.5 Ma; Paenungulata, 105 Ma, late Paleocene (43), 60.5 Ma; Ferungulata (sensu Kumar and Hedges), 92 Ma, early Paleocene (39, 44), 65 Ma;
Cetartiodactyla, 83 Ma, late Paleocene (27), 60.5 Ma; Perissodactyla, 74 Ma, early Eocene (27), 56.5 Ma; Lagomorpha (excluding problematic zalambdalestids), 90.8 Ma, early Paleocene
(21), 65 Ma; Scandentia, 85.9 Ma, middle Eocene (27), 50 Ma; Macroscelidea, 112 Ma, early Paleocene (27), 65 Ma; Lipotyphla, 74 Ma, early Paleocene (27), 65 Ma; Primates, 85.9 Ma,
early Paleocene (27), 65 Ma; (Dermoptera + Chiroptera), 85.9 Ma, late Paleocene (27), 60.5 Ma; Tubulidentata, 74 Ma, early Oligocene (27), 35.4 Ma. A number of these groups
(Lagomorpha, Macroscelidea, and Primates) may have unequivocal first-fossil appearances that postdate those used here. Our acceptance of claims of earlier occurrences is
conservative, because we thereby minimize implied gaps and thus favor the hypothesis of early origins of modern eutherians. In addition to the Perissodactyla and Cetartiodactyla,
there must have been at least one continuous lineage of Ferungulata (sensu Kumar and Hedges, including Carnivora) that extends from the origin of this supraordinal grouping to
the Paleocene. The gaps are minimized in the foregoing tabulation by taking the gap of this lineage to end at the first appearance of Carnivora. #Because the ~85-Ma Asian fossils
in question are thought to be stem members of one or two modern eutherian lineages (4, 26) if they belong to these lineages at all, the number and duration of gaps for individual
lineages are affected minimally by the interpretation of these fossils. Separate analyses are therefore not presented.
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(27

3) and the postulated origins of extant

groups of flowering plants tens of millions of
years before their oldest fossils (6, 7). The
main value of this approach is that it maps out
a field of preservation rates and rates of tax-
onomic evolution that can be measured and
compared to hypothesized divergence times.
Because these rates can be estimated directly
with empirical data from the fossil record (/4,
16, 24, 25), one can explicitly test an evolu-
tionary hypothesis and its implications re-
garding rates of morphological, molecular,
and taxonomic evolution.
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where D, is the expected species diversity at time t.
Several diversification models are plausible. Exponential
growth, in which D, = e(P-9), includes the chance of
total group extinction before time T. [With exponential
growth, S depends only on (p — g); the same value of
S can thus result from higher rates, yielding many
short-lived species, or lower rates, yielding fewer long-
lived species.] A crucial aspect of the hypotheses we
wish to test is a minimal diversity of N species at time
T, when fossil taxa are first observed. The most appro-
priate model tracks expected diversity at time t con-
ditioned upon a diversity at least equal to N at time T.
Let t be the elapsed time since t = 0. Let P(0, t, a) be the
probability that a group is extinct at or before time t,
given that its diversity is equal to a lineages at t = 0;
P(ota) = [pt/(1 + pt)]? if p = g, and P(Ota) =
{gletP-at — 1)/[peP—at — g} if p # q (9). Let P(s, t, a)
be the probability that a group survives at least until
time t, given that its diversity is equal to a lineages at t
=0; P(st,a) = 1 — P(Ot,a). Let P(nt,a) be the proba-
bility that a group's diversity is exactly equal to n
lineages at time t, given that it is equal to a lineages at
t=0;fora=1,P(nta) = (pt)""/(1 +pt)"*ifp =
g (9),and P(n, t,a) = (1 — A)(1 — B)B""if p # g (9),
where A = P(0t,1) and B = pA/q. Fora > 1,
P(nta) = [pt/(1 + pt)*"
min (a,n) 1
a\(n-— .
> (5)(521) worwite = g0
j=1
and
min (a,n) 1
a n-—
Pinta) 2 (5)(G=7)
<A1 = A1 - BB iifp # g
The last equation is a correction of equation (A18)
from (9). Let P(= n, t, a) be the probability that
diversity is greater than or equal to n lineages at time
t, given that it is equal to a lineages at t = 0. Then

n=1
P(= nta) = 1 - P(Ota) — D P(mta)
m=1

Let t and T be two points in time such that t < T, and
let the group have diversity equal to one lineage at
t = 0. Let P(n, t, s, T) be the probability that diversity
is exactly equal to n lineages at time t, given that the
group survives at least until time T. Let P(n,t,N,T) be
the probability that diversity is exactly equal to n
lineages at time t, given that diversity is exactly equal
to N lineages at time T. And let P(n,t = N, T) be the
probability that diversity is exactly equal to n line-
ages at time t, given that diversity is greater than or
equal to N lineages at time T. Then, by the rules of
conditional probability,
P(n,t,sT) = P(nt1) + P(s,T — t,n)/P(s,T,1);
P(nt,N,T) = P(nit,1) - P(N,T — t,n)/P(N,T,1);
and
P(n,t,=N,T)

= P(nt,1) - P(=N,T — t,n)/P(=N,T,1)

The corresponding expected (mean) diversities at
time t are given by

D, = E(ntsT) = z m-P(m,t,s,T);
=1

D, = EMENT) = > m-P(mtNT);
m=1

and

*

D, = Emt,=NT) = >, m-P(mt,=N,T)
m=1
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The Density of Hydrous
Magmatic Liquids

Frederick A. Ochs Il and Rebecca A. Lange

Density measurements on several hydrous (=19 mole percent of H,O) silicate
melts demonstrate that dissolved water has a partial molar volume (VHZO) that
is independent of the silicate melt composition, the total water concentration,
and the speciation of water. The derived value for V, , is 22.9 * 0.6 cubic
centimeters per mole at 1000°C and 1 bar of pressure, whereas the partial molar
thermal expansivity (3V;, o/6T) and compressibility (3V,, o/0P) are 9.5 = 0.8 X
1072 cubic centimeters per mole per kelvin and —3.2 = 0.6 X 10™* cubic
centimeters per mole per bar, respectively. The effect of 1 weight percent
dissolved H,O on the density of a basaltic melt is equivalent to increasing the
temperature of the melt by ~400°C or decreasing the pressure of the melt by
~500 megapascals. These measurements are used to illustrate the viability of
plagioclase sinking in iron-rich basaltic liquids and the dominance of compo-
sitional convection in hydrous magma chambers.

The density of a silicate melt affects a wide
range of magmatic processes, including melt
segregation and transport, melt recharge and
mixing in chambers, the viability of convection
and crystal settling, and the mechanics of erup-
tion. Water is an important component to in-
clude in models of melt density, as it can range
up to 8 weight % in magmatic liquids (/),
which translates to ~25 mol % because of the
low molecular weight of H,O as compared to
the average molecular weight of magmatic lig-
uids. Before this study, the only direct density
measurements available for hydrous silicate
melts were performed on molten albite
(NaAlSi,O0,) (2, 3). The large partial molar
volume of the H,0O component (total water
dissolved as molecular H,O and as hydroxyl
ions), VHZO, in albitic melt (3) results in a low
density for the H,0 component (0.78 g/cm®) as

Department of Geological Sciences, University of
Michigan, Ann Arbor, MI 48109-1063, USA.

compared to the density range of magmatic
liquids (2.3 to 2.8 g/cm?®). This leads to a dra-
matic effect of dissolved water on melt density.
For example, if the value for Vi (T P) (T,
temperature; P, pressure) derived from albitic
liquid is applied to the Bishop Tuff rhyolite,
then the effect on melt density of adding 1
weight % H,O (at 750°C and 300 MPa) is
equivalent to increasing the temperature by
620°C or decreasing the pressure by 260 MPa
(the results are different for a basalt, which is
less compressible and more thermally expan-
sive than a rhyolite).

The outstanding question is whether the val-
ues for VHZO(T, P) derived for molten albite (3)
can be applied to all igneous liquids or
whether there is a compositional dependence
t0 ¥y o(T, P). An indirect method for deter-
mining Va,00 which has been applied to a
variety of silicate melts, is based on fitting a
thermodynamic model to the solubility of
water. The pressure dependence of the solu-
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