
29. C. W. Macosko, Rheology Principles, Measurements, and
Applications (Wiley-VCH, New York, 1994).

30. M. Doi, S. F. Edwards, The Theory of Polymer Dynamics
(Oxford Univ. Press, Oxford, 1986).

31. J. Peanasky, L. L. Cai, S. Granick, C. R. Kessel, Langmuir
10, 3874 (1994).

32. P. G. De Gennes, Scaling Concepts in Polymer Physics
(Cornell Univ. Press, Ithaca, NY, 1979).

33. H. R. Brown, T. P. Russell, Macromolecules 29, 798 (1996).
34. B. Crist, in The Physics of Glassy Polymers, R. N. Haward,

R. J. Young, Eds. (Chapman&Hall, London, 1997), pp. 155–212.

35. M. C. Boyce, R. N. Haward, in The Physics of
Glassy Polymers, R. N. Haward, R. J. Young,
Eds. (Chapman & Hall, London, 1997), pp. 213–294.

36. Supported by Science Foundation of Ireland grant
00/PI.1/C028, NSF grants CMMI 07-32114 and DMI 03-
28162, the Center for Nanoscale Chemical-Electrical-
Mechanical Manufacturing Systems, NSF Faculty Early
Career Development grant CBET 07-31930, and a U.S.
Department of Energy Presidential Early Career Award for
Scientists and Engineers. H.D.R. is vice president for
engineering, Endotronix Inc., Peoria, IL.

Supporting Online Material
www.sciencemag.org/cgi/content/full/1157945/DC1
Materials and Methods
Figs. S1 to S3
Tables S1 and S2
References

18 March 2008; accepted 16 September 2008
Published online 2 October 2008;
10.1126/science.1157945
Include this information when citing this paper.

Peptides Enhance Magnesium
Signature in Calcite: Insights into
Origins of Vital Effects
A. E. Stephenson,1* J. J. DeYoreo,2 L. Wu,2,3 K. J. Wu,2 J. Hoyer,4 P. M. Dove1*

Studies relating the magnesium (Mg) content of calcified skeletons to temperature often report
unexplained deviations from the signature expected for inorganically grown calcite. These “vital
effects” are believed to have biological origins, but mechanistic bases for measured offsets
remain unclear. We show that a simple hydrophilic peptide, with the same carboxyl-rich character
as that of macromolecules isolated from sites of calcification, increases calcite Mg content by up to
3 mole percent. Comparisons to previous studies correlating Mg content of carbonate minerals
with temperature show that the Mg enhancement due to peptides results in offsets equivalent
to 7° to 14°C. The insights also provide a physical basis for anecdotal evidence that organic
chemistry modulates the mineralization of inorganic carbonates and suggest an approach to tuning
impurity levels in controlled materials synthesis.

Over the past 50 years, the Mg/Ca ratio in
marine cements (1–4) and calcified skel-
etal structures (5–9) has become a widely

used proxy for reconstructing past Earth environ-
ments. Elemental proxy models for temperature
and seawater chemistry begin by assuming that
compositional signatures reflect environmental
conditions of formation. Yet, the impurity con-
tents of biominerals are subject to “vital effects”
that can induce large offsets from equilibrium
values (7). These “vital effects” are believed to
have kinetic and taxonomic origins, but themech-
anistic basis for measured offsets is not well
understood. A complicating factor is that miner-
alization is isolated from the external environ-
ment and occurs within an organic-rich matrix
(10) whose roles in mineralization are recognized
but difficult to assess. At sites of calcification, this
microenvironment contains complex assem-
blages of proteins and polysaccharides (10)
whose structures and amino acid sequences are
species-specific (5, 10–12). Moreover, calcifying
macromolecules are unusually enriched in the
carboxyl-rich acidic amino acids aspartate and
glutamate (10, 11), and their presence is im-

plicated in modulating biomineral formation
(13, 14). Similarly, a number of widely cited
studies of nonskeletal carbonates have ques-
tioned whether humic and protein substances
(also enriched in acidic amino acids) in marine
sedimentary environments could influence min-
eralization (2, 3).

Many observations and in vitro experimental
studies show that aspartate-rich biomolecules

enhance calcite growth (11, 13, 14). Indeed, a
recent study found that nanomolar concentrations
of acidic amino acids, peptides, and full proteins
accelerate calcite growth rate (up to 25 times) by
a relation that correlates with the hydrophilicity
of biomolecules (14), a measure of their inter-
actions with water. These insights led us to hy-
pothesize that because (i) cation incorporation is
the rate-limiting step to growth (15) and (ii)Mg is
more strongly solvated than Ca (16), then rate-
modifying peptides could also lower the desolv-
ation barrier to Mg incorporation relative to Ca
and thereby alter Mg content.

To test this idea, we grew calcite under con-
trolled chemical conditions within a flow-though
cell of an atomic force microscope (AFM).
Growth was observed in situ for the duration of
each experiment while kinetic and surface ther-
modynamic properties were simultaneously mea-
sured. We monitored the propagation of steps at
dislocation hillocks to observe the growth process
during each treatment. Using established methods
(17–19), we conducted experiments at a constant
supersaturation (defined with respect to pure
calcite), s, of 1.6 where

s = ln (aCa2+aCO3
2− /Ksp) (1)

such that ai is the activity of species i, and Ksp is
the equilibrium solubility constant (10−8.48 for
pure calcite at 25°C). The Ca2+:CO3

2− ratio was
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Fig. 1. AFM images of calcite
growth hillocks. (A) In the ab-
sence of Mg or peptide modifiers,
growth hillocks develop by the
propagation of straight steps that
lack visible roughening. The c-glide
plane bisects two types of symmet-
rically equivalent step edges that
define the obtuse and acute step
directions to give four hillock flanks.
(B) With 3 × 10−4 M Mg, step edges,
particularly on acute flanks, become
roughened and hillockmorphology is
elongated parallel to the c-glide axis.
(C) With peptide and 3 × 10−4 M Mg,
acute step edges are roughened as
before, and the terrace widths be-

come larger. (D) Schematic cross section of the step risers illustrates
differences in step edge structure that arise from the orientation of
planar carbonate groups with respect to the (104) growth surface. All
AFM images are 5 mm by 5 mm.
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held at 1:1 to maximize growth rate (15), pH was
constant at 8.5, and Mg concentrations were
varied from 0 to 4 × 10−4M. Control experiments
established an inorganic baseline for comparisons
to calcites grown in solutions containing 10 nM
(Asp3Gly)6Asp3, a synthetic 27–amino acid pep-
tide. This biomolecule was chosen for its similarity
to Asp-rich peptide sequences found in proteins
isolated from sites of calcification (11). The 10 nM
concentration was selected to maximize the rate-
enhancing effect without visibly roughening step
edges at the micrometer scale (14). For exper-
iments at the highest Mg concentration (4 ×
10−4 M), where slow growth made measurements
difficult, peptide concentration was reduced to
1 nM.

In the absence of Mg or peptides, growth
hillocks form by propagation of straight steps
along four crystallographically defined directions
(Fig. 1A). When Mg was introduced to the solu-
tion, steps along acute directions showed charac-
teristic (18) rounding and roughening (Fig. 1B).
With the addition of peptide, step spacing in-
creased but hillock morphology did not apprecia-
bly change (compare Fig. 1, B and C).

The Mg contents of AFM-prepared over-
growths were determined by time-of-flight–
secondary ionmass spectrometry (ToF-SIMS) with
a calibration curve established fromNIST (National
Institute of Standards and Technology) glass stan-

dards by inductively coupled plasma mass spec-
trometry. Control experiments established a baseline
relation between Mg content and Mg concentra-
tion ([Mg]) in solution:

mol% MgCO3 obtuse = 1.02 ± 0.34 [Mg, mM]

(2a)

mol% MgCO3 acute = 1.03 ± 0.08 [Mg, mM]

(2b)

Obtuse and acute step edge directions incorporate
Mg such that the contents of hillock flanks ex-
hibit a linear dependence on solution concentra-
tion that is the same within experimental errors
(Fig. 2, A andB). This is consistent with previous
studies showing that transport conditions influ-
ence Mg uptake (20). In contrast to growth in
diffusion-limited environments that results in dif-
ferential uptake, acute and obtuse steps incorpo-

rate similar amounts of Mg during growth under
surface reaction-limited conditions (17, 20).

Calcites grown in the presence of Asp-rich
peptide incorporate 50 to 75% more Mg (Fig. 2,
A and B) by the relations

mol% MgCO3 obtuse, peptide =
1.75 ± 0.34 [Mg, mM] (3a)

mol% MgCO3 acute, peptide =
1.55 ± 0.08 [Mg, mM] (3b)

such that Mg content is increased by up to ~3 mol%
MgCO3 at the highest solution concentration of Mg
and indicates preferential uptake across obtuse steps.

Insights into the origin of this behavior are
found in kinetic measurements of step propaga-
tion rates, v (nm s−1). For calcite growth at s =
1.6, step velocity is given by

v = wb (aCa2+ – aCa2+e) (4)

where step velocity (v, nm s−1) is given by the
molecular volume of calcite (w, 6.13 × 10−23 cm3

per molecule), the kinetic coefficient (b), the local
activity of Ca2+ at the growing surface (aCa2+),
and the equilibrium Ca2+ activity for the crystal
that forms and is the value of calcium activity for
which step speed extrapolates to zero (aCa2+,e)
(17, 18). Calcite growth velocity decreased with
increasing Mg concentration in the inorganic
control solutions (Fig. 3A), as expected (18).

In contrast, growth in solutions that also con-
tain peptide offset growth rate to 25 to 50% faster
velocities (Fig. 3A). This enhanced growth rate
could be responsible for the increased Mg contents
because studies have shown that impurity contents
correlate with faster growth (21), though no mech-
anism for this correlation has yet been established.
Elhadj et al. (14) showed that biomolecule-induced
increases in growth rate arise from increases in b.
The magnitude of b is controlled by two primary
factors: (i) density of kink sites along the step,
nk; and (ii) net probability of attachment to a
site, which we write as exp(−Ek/kT), where k =
Boltzmann’s constant, T is temperature, and Ek is
an effective barrier to attachment (17) of Ca or
Mg at a kink such that

b ~ nk exp(−Ek/kT ) (5)

Assuming that v remains linear versus (a − ae)
in the presence of impurities, which is documented
for the range of Mg (18) and value of s used here
(18), then we must conclude that nk is a constant
(19), although it may be reduced in magnitude
relative to the pure system when impurities bind
to the step. Thus, under these conditions, nk is at
its maximum value and impurities can only de-
crease nk by blocking active kinks (22).

Allowing these constraints, the most likely
origin of enhanced b is reductions in Ek. This
interpretation is evidenced by a previous study
showing that biomolecules promote calcite growth
in proportion to their hydrophilic character (14).
Analysis of those data suggests that acidic bio-

A

B

Fig. 2. Growth solutions containing the Asp-
rich polypeptide increase the Mg content up to
3 mol% MgCO3 into calcite overgrowths (red
trend line) compared to the inorganic controls
(blue trend line). The enhancement due to
peptide is greater on flanks comprising obtuse
steps (A) than on those comprising acute steps
(B). Open symbols show data with larger un-
certainties. They are reported in the figure but are
not included in the regressions (Eqs. 2a and 2b,
and 3a and 3b).

A

B

C

Fig. 3. Measurements of calcite growth show
that (A) the rate of step propagation in the
presence of peptides (red) is 25 to 50% faster
than in the presence of inorganic controls (blue)
for experimental conditions that are otherwise
the same. (B) Terrace widths increase with
increasing solution [Mg], reflecting the forma-
tion of an increasingly soluble Mg-enriched
overgrowth (compare to Fig. 2) and the conse-
quent decrease in apparent supersaturation of
the solid solution. (C) Terrace widths increase
with Mg content. The offset between trends for
the inorganic control (blue) and the peptide-
bearing experiments (red) demonstrates that the
biomolecules increase the step edge energy of
calcite by 20 to 80%.
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molecules create a lower-energy pathway for
desolvating strongly hydrated cations as they
approach the growing step edge (14). A similar
mechanism was invoked to explain Mg uptake
into calcites grown in alcohol-water mixtures
(23) and was supported by molecular dynamics
simulations showing that aspartic acid monomers
enhance the rate of Ba2+ desolvation in the barite
(BaSO4) system (24). Recent AFM observations
of calcium oxalate monohydrate show that acidic
biomolecules are weakly attracted to the surface
and appear to serve as nutrient sources by promot-
ing faster growth as steps propagate beneath the
biomolecules (25). When one considers the extent
of cation interactions with the acidic domains of
biomolecules as a proxy for their ability to attract
and desolvate cations, a plausible mechanistic
picture emerges whereby biomolecules facilitate
the uptake, desolvation, and transport of cations
from bulk solution to the mineral surface.

Although this study cannot fully assess the
physical model for enhancement, we can con-
clude that peptides affect Mg more strongly than
Ca. If this peptide-induced perturbation were
equivalent, theMg/Ca ratio would be unchanged.
Our analysis suggests that the only way to in-
crease the proportion of Mg is to induce a drop in
the barrier to Mg uptake that is greater than that
for Ca. This can be understood by comparing the
enthalpy of dehydration, DH°rxn, for Mg2+

(−1882 kJ/mol) versus Ca2+ (−1569 kJ/mol) at
25°C (16). If, for example, biomolecules reduce
DH°rxn by 10%, then the energy barrier is reduced
by almost 190 kJ/mol for Mg but only 157 kJ/mol

for Ca. This kind of analysis raises two questions:
(i) What is the “real” equilibrium distribution of
Mg in calcite? Our findings suggest that Mg
contents must be highly limited by kinetic factors.
(ii) Do biomolecules also modify the hydration
properties of other IIA cations and thus also mod-
ulate their incorporation? If true, this suggests
the potential for selectively applying macro-
molecules during controlled materials synthesis
to tune impurity or dopant levels.

Measurements of terrace width, or spacing
between steps (Fig. 3C), indicate that surface
thermodynamic properties of calcite may also be
modified by peptides. Terrace width, l, is con-
trolled by the Gibbs-Thomson relation through

l = (2.04wa)/kTs (6)

where a = step edge free energy per unit step
height (18). Though l increases with increases in
w and/or decreases in s, we deduce here that a is
the origin of this effect. First, we assume changes
in the molecular volume of calcites containing 0
to 6 mol%Mg are small relative to increases in l.
Next, we consider the influence of s on l. When
the solid contains sufficiently high amounts of
Mg, s is reduced through increases in the ap-
parent solubility (Eq. 1) (26, 27). However, com-
parisons to a previous study (18) show that the
ratio of terrace widths for the peptide-bearing and
control experiments is far too large to be ex-
plained by reductions in s; that is, the Ksp of
calcites containing up to 4 mol%MgCO3 are not
sufficiently different to explain the differences in
terrace width for the Mg contents reported here.
The peptide could also influence local s by
binding with Ca to reduce aCa2+ (Eq. 1), but two
quantitative measurements show that these pep-
tides have negligible effects on aCa2+ (28, 29).
Citrate, an inhibitor with three carboxylic groups,
does not measurably modify s for calcium oxa-
late monohydrate systems until citrate concen-
trations are ≥2 mM, and no change can be
discerned below 10 mM (28). Moreover, a study
of calcite that used large amounts of Asp1 (29)
indicates that nanomolar concentrations of
(Asp3Gly)6Asp3 are unlikely to substantially
reduce s. Even if every carboxylic of this 27–
amino acid peptide acted independently, we
would expect no effect for peptide concentrations
of ≤1 mM. Therefore, wider terraces that develop
in peptide-bearing solutions must be due, at least
in part, to increased a. This is consistent with
evidence that aspartate monomers also induce
small increases in a (28).

Our findings also raise new questions regard-
ing carbonate mineralization and interpretations
of their formation environments. In particular, do
biomolecules substantially offset Mg signatures
in natural calcites relative to the amounts attrib-
uted to temperature differences? Assuming a
modest increase of 2.0 mol% MgCO3, compar-
isons to published studies (30–33) show that an
equivalent Mg enhancement corresponds to an
offset of 7° to 14°C (Fig. 4). This crude compar-

ison is not a prediction but nonetheless illustrates
that because the growth enhancement is specific
to biomolecule chemistry (14) and acidic bio-
molecules induce greater Mg contents, perhaps
some signatures are altered by macromolecule
chemistry. These findings suggest that the basic
assumption of paleotemperature reconstruction
models would be degraded if the vital effect due
to biomolecules were to change over time. One
could also ask if biomolecules are a source of the
vital effects long reported for stable isotopic
signatures (34).

This study may also provide mechanism-
based insights into factors that influence the
stability of carbonate minerals in biological and
sedimentary settings (35). Marine sediments con-
tain organic matter that is frequently enriched in
aspartate and glutamate (3). Because carbonate
surfaces in these environments interact preferen-
tially with aspartate-rich domains (3), findings
that Asp1 and (Asp3Gly)6Asp3 have compound-
specific effects on a suggest a means by which
biomolecule chemistry could passively influence
polymorph selection. Although step edge energy
cannot be equated to surface energy, the generally
accepted practice is to estimate step edge energy
as the surface energy for the face that defines the
step riser (Fig. 1D) times the step height. So,
greater step edge energy implies greater surface
energy. The increased surface energy of a phase
makes nucleation of that phase less likely to oc-
cur. Thus, one polymorph becomes favored over
another (36). Hence, if biomolecules increase
acalcite more than aaragonite, organics could induce
preferential formation of aragonite. Aside from
the well-documented influence of Mg on the sta-
bility of carbonate polymorphs, shifts in a could
offer an alternative explanation for occurrences
of aragonite needles in carbonate muds con-
taining proteinaceous compounds enriched in
acidic amino acids (2, 3). Formation of skeletal
and inorganic carbonates alike may be better
understood by considering biomolecule influ-
ences on kinetics and thermodynamics ofmineral
growth and stability.
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Trampoline Effect in
Extreme Ground Motion
Shin Aoi,* Takashi Kunugi, Hiroyuki Fujiwara

In earthquake hazard assessment studies, the focus is usually on horizontal ground motion.
However, records from the 14 June 2008 Iwate-Miyagi earthquake in Japan, a crustal event with a
moment magnitude of 6.9, revealed an unprecedented vertical surface acceleration of nearly four
times gravity, more than twice its horizontal counterpart. The vertical acceleration was distinctly
asymmetric; the waveform envelope was about 1.6 times as large in the upward direction as in the
downward direction, which is not explained by existing models of the soil response. We present a
simple model of a mass bouncing on a trampoline to account for this asymmetry and the large
vertical amplitude. The finding of a hitherto-unknown mode of strong ground motion may prompt
major progress in near-source shaking assessments.

Thedeployment of high-density seismograph
networks has contributed to recent discov-
eries concerning ground shaking and com-

plexwave propagation (1–3) and to the development
of ShakeMap, a tool for real-time seismology and
earthquake hazard mitigation (4, 5). As more and

more near-source data have become available, the
stockpile of extremegroundmotion observations has
becomeever larger,with potentially rich implications
for earthquake engineering and building design.

Japan has deployed andmaintained nationwide
networks of strong motion seismographs (6–9),

with about 1800 stations. A station of the KiK-
net (10) recorded ground acceleration exceeding
four times gravity (11), the largest ever reported
to date, during the 14 June 2008 Iwate-Miyagi
earthquake, a reverse-fault type crustal event ex-
tending roughly 30 km in strike and 20 km in dip
directions (Fig. 1A). The motion in question was
recorded at the IWTH25 (West Ichinoseki) sta-
tion, located on the hanging-wall side of the
fault (12), 3 km southwest of the epicenter. The
IWTH25 station is equipped with three-component
accelerometers, installed at both the free sur-
face and the bottom of a 260-m borehole (Fig.
1B). It lies in a volcanic zonewhere volcaniclastic
rocks, such as tuff breccia, are covered with a
surface layer of river terrace deposits (S-wave
velocity 430 m/s in the shallowest surface layer)
(fig. S1A).

National Research Institute for Earth Science and Disaster
Prevention, 3-1 Tennodai, Tsukuba, Ibaraki 305-0006, Japan.
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Fig. 1. (A) Map of the source
region of the Iwate-Miyagi
earthquake in Japan [14 June
2008; moment magnitude
(Mw) = 6.9]. Triangles and
squares, K-NET and KiK-net
stations, respectively, colored
according to the peak ground
accelerations. Red star and
black circles, epicenters of the
mainshock and the after-
shocks.Black rectangle, ground
surface projection of the earth-
quake source fault. The focal
mechanism, estimated using
F-net broadband data, is also
demonstrated. (B) Schematic
diagram of the relative geom-
etry of the KiK-net IWTH25
station with respect to the
source fault. The downhole
sensor, contained in a watertight pressure-resistant casing made of stainless steel, is fixed with a latch to the bottom of the borehole. The surface sensor is anchor-
bolted to the bottom of an empty 45 cm-deep pit with a metal lid firmly glued shut (19). Inset, the P- and S-wave velocity measured by geophysical logging.
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