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GIA-based estimates
grouped into geographic area

all estimates of asthenospheric viscosity

discrepancy in estimates remain!
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Parameterizing Dissipation

Faul & Jackson (2007)

Grain-scale

<latexit sha1_base64="9ZJpjbs+Xg+4TVYw5jXwDJoNK68=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YOHghePFewHtKFstpt26WYTdidCCf0LXjwo4tU/5M1/46bNQVsfDDzem2FmXpBIYdB1v53S2vrG5lZ5u7Kzu7d/UD08aps41Yy3WCxj3Q2o4VIo3kKBkncTzWkUSN4JJne533ni2ohYPeI04X5ER0qEglHMpT5HOqjW3Lo7B1klXkFqUKA5qH71hzFLI66QSWpMz3MT9DOqUTDJZ5V+anhC2YSOeM9SRSNu/Gx+64ycWWVIwljbUkjm6u+JjEbGTKPAdkYUx2bZy8X/vF6K4Y2fCZWkyBVbLApTSTAm+eNkKDRnKKeWUKaFvZWwMdWUoY2nYkPwll9eJe2LundVdx8ua43bIo4ynMApnIMH19CAe2hCCxiM4Rle4c2JnBfn3flYtJacYuYY/sD5/AEIZo42</latexit>⌘ <latexit sha1_base64="I/56k914dfyCoYBsz40yR0nHbSY=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp0oWlgEbGyEBMwHJEfY28wla/b2jt09IRz5BTYWitj6k+z8N26SKzTxwcDjvRlm5gWJ4Nq47rezsrq2vrFZ2Cpu7+zu7ZcODps6ThXDBotFrNoB1Si4xIbhRmA7UUijQGArGN1O/dYTKs1j+WDGCfoRHUgeckaNler3vVLZrbgzkGXi5aQMOWq90le3H7M0QmmYoFp3PDcxfkaV4UzgpNhNNSaUjegAO5ZKGqH2s9mhE3JqlT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6dekzxUyI8aWUKa4vZWwIVWUGZtN0YbgLb68TJrnFe+y4tYvytWbPI4CHMMJnIEHV1CFO6hBAxggPMMrvDmPzovz7nzMW1ecfOYI/sD5/AGkkYzP</latexit>

M

<latexit sha1_base64="KzIlwNiyPGL6bN5/90egKJRdnQc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKQQ8eAl48RjAPSJYwO5lNxsxjmZkVwpJ/8OJBEa/+jzf/xkmyB00saCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PWkalmtAmUVzpToQN5UzSpmWW006iKRYRp+1ofDvz209UG6bkg50kNBR4KFnMCLZOavUMGwrcL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7tFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmr6MB05RYPnEEE83crYiMsMbEuoBKLoRg+eVV0rqoBrWqf39Zqd/kcRThBE7hHAK4gjrcQQOaQOARnuEV3jzlvXjv3seiteDlM8fwB97nD5vjjyE=</latexit>�

<latexit sha1_base64="7X7tv//a2NFgmM6msVKzS4D6j2Y=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6MFDwYvHCvYD0lA22027dLMbdieFEvozvHhQxKu/xpv/xm2bg1YfDDzem2FmXpQKbtDzvpzS2vrG5lZ5u7Kzu7d/UD08ahuVacpaVAmluxExTHDJWshRsG6qGUkiwTrR+G7udyZMG67kI05TFiZkKHnMKUErBb0J0Sw1XCjZr9a8ureA+5f4BalBgWa/+tkbKJolTCIVxJjA91IMc6KRU8FmlV5mWEromAxZYKkkCTNhvjh55p5ZZeDGStuS6C7UnxM5SYyZJpHtTAiOzKo3F//zggzjmzDnMs2QSbpcFGfCReXO/3cHXDOKYmoJoZrbW106IppQtClVbAj+6st/Sfui7l/VvYfLWuO2iKMMJ3AK5+DDNTTgHprQAgoKnuAFXh10np03533ZWnKKmWP4BefjG7lTkYU=</latexit>"

<latexit sha1_base64="kZDLTUTFc2ckycacuiRv51ox+HQ=">AAAB6HicbVA9SwNBEN2LXzF+RS1tFoNgFe5E0cIiYGOZgPmA5Ah7m7lkzd7esTsnhCO/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqjk0eSxj3QmYASkUNFGghE6igUWBhHYwvpv57SfQRsTqAScJ+BEbKhEKztBKDeyXK27VnYOuEi8nFZKj3i9/9QYxTyNQyCUzpuu5CfoZ0yi4hGmplxpIGB+zIXQtVSwC42fzQ6f0zCoDGsbalkI6V39PZCwyZhIFtjNiODLL3kz8z+umGN74mVBJiqD4YlGYSooxnX1NB0IDRzmxhHEt7K2Uj5hmHG02JRuCt/zyKmldVL2rqtu4rNRu8ziK5IScknPikWtSI/ekTpqEEyDP5JW8OY/Oi/PufCxaC04+c0z+wPn8Ad+tjPY=</latexit>

t

Phenomenological
Model

<latexit sha1_base64="/Vo5sWR4tU3nNLPhVOObl8GG82g=">AAAB8nicbVBNSwMxEM36WetX1aOXYBGqh7Irih6LXrwIFewHbNeSTbNtaLJZklmhLP0ZXjwo4tVf481/Y9ruQVsfDDzem2FmXpgIbsB1v52l5ZXVtfXCRnFza3tnt7S33zQq1ZQ1qBJKt0NimOAxawAHwdqJZkSGgrXC4c3Ebz0xbbiKH2CUsECSfswjTglYyb97PK10lGR9ctItld2qOwVeJF5OyihHvVv66vQUTSWLgQpijO+5CQQZ0cCpYONiJzUsIXRI+sy3NCaSmSCbnjzGx1bp4UhpWzHgqfp7IiPSmJEMbackMDDz3kT8z/NTiK6CjMdJCiyms0VRKjAoPPkf97hmFMTIEkI1t7diOiCaULApFW0I3vzLi6R5VvUuqu79ebl2ncdRQIfoCFWQhy5RDd2iOmogihR6Rq/ozQHnxXl3PmatS04+c4D+wPn8ARMfkHc=</latexit>

M⇤(!)
<latexit sha1_base64="j8H+D2Q9f9+g9gkXdTABcHJlTWQ=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUg2VXFD0WvXhswX5Auy3ZNNuGJpslySpl6f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzgpgzbVz321lZXVvf2Mxt5bd3dvf2CweHDS0TRWidSC5VK8CachbRumGG01asKBYBp81gdDf1m49UaSajBzOOqS/wIGIhI9hYqVvrpufepNSRgg7wWa9QdMvuDGiZeBkpQoZqr/DV6UuSCBoZwrHWbc+NjZ9iZRjhdJLvJJrGmIzwgLYtjbCg2k9nV0/QqVX6KJTKVmTQTP09kWKh9VgEtlNgM9SL3lT8z2snJrzxUxbFiaERmS8KE46MRNMIUJ8pSgwfW4KJYvZWRIZYYWJsUHkbgrf48jJpXJS9q7JbuyxWbrM4cnAMJ1ACD66hAvdQhToQUPAMr/DmPDkvzrvzMW9dcbKZI/gD5/MHXHyRxQ==</latexit>

Q�1(!)

<latexit sha1_base64="db7K3q/sF9Ck2xpJC5gQU14GBLo=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2FXFD0GvXiMYB6SLGF20psMmccyMxsIIV/hxYMiXv0cb/6Nk2QPmljQUFR1090VJZwZ6/vfXm5tfWNzK79d2Nnd2z8oHh41jEo1hTpVXOlWRAxwJqFumeXQSjQQEXFoRsO7md8cgTZMyUc7TiAUpC9ZzCixTnoalTtKQJ+cd4slv+LPgVdJkJESylDrFr86PUVTAdJSToxpB35iwwnRllEO00InNZAQOiR9aDsqiQATTuYHT/GZU3o4VtqVtHiu/p6YEGHMWESuUxA7MMveTPzPa6c2vgknTCapBUkXi+KUY6vw7HvcYxqo5WNHCNXM3YrpgGhCrcuo4EIIll9eJY2LSnBV8R8uS9XbLI48OkGnqIwCdI2q6B7VUB1RJNAzekVvnvZevHfvY9Ga87KZY/QH3ucPNTqQBA==</latexit>

v(!)

results frequency 
dependent wave-

speeds 

Frequency dependent 
moduli and 
attenuation
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Grain-scale to Phenomenological Models
Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

With any phenomenological 
model we can derive the 

modulus, M*(ω), a 
continuous complex function 

in frequency.

Other frequency dependent 
parameters are determined 

from this: Q(ω), vs(ω)
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Phenomenological Models to Measures of Dissipation

! ! 1
steady state 

viscous 
behavior

“Extended Burgers” Viscoelastic Model

Faul & Jackson (2015)
Q
-1
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Estimates of “Viscosity”
(a)

(b)

[ii]

[iii]

[i]

[ii]

[iv]

[v]
[i]

[i]

[i]

[i]
[ii]

[ii]

[iii]

[iii]
[iv]

[v]

[ii]

(a)

(b)

[ii]

[iii]

[i]

[ii]

[iv]

[v]
[i]

[i]

[i]

[i]
[ii]

[ii]

[iii]

[iii]
[iv]

[v]

[ii]

(a)

(b)

[ii]

[iii]

[i]

[ii]

[iv]

[v]
[i]

[i]

[i]

[i]
[ii]

[ii]

[iii]

[iii]
[iv]

[v]

[ii]

z L
A

B
 (

km
)

η 
(P

a 
s)

all assumed a Maxwell rheology 
so, η estimates here are really η0 

Does is make sense to have all these values 
assigned to a single dashpot, η0?

What does this mean when we relate micro- to 
macro-scale deformation?
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Sampling frequency dependent parameters

(a) Seismic sampling of mechanical properties

high frequency body 
waves

lower frequency 
surface waves and 
normal modes

<latexit sha1_base64="legHKogxwtd/yVsYPydCkIWGBb4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UoLkoiii4LbtwIVewDmlgm02k7dB5hZlIsIX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7TxQzqo3nfTuFldW19Y3iZmlre2d3z90/aGqZKEwaWDKp2hHShFFBGoYaRtqxIohHjLSi0fXUb42J0lSKBzOJScjRQNA+xchYqeu6AY/kU3pPsiC9fTwNsq5b9qreDHCZ+Dkpgxz1rvsV9CROOBEGM6R1x/diE6ZIGYoZyUpBokmM8AgNSMdSgTjRYTq7PIMnVunBvlS2hIEz9fdEirjWEx7ZTo7MUC96U/E/r5OY/lWYUhEnhgg8X9RPGDQSTmOAPaoINmxiCcKK2lshHiKFsLFhlWwI/uLLy6R5VvUvqt7deblWyeMogiNwDCrAB5egBm5AHTQABmPwDF7Bm5M6L8678zFvLTj5zCH4A+fzB38nk3s=</latexit>

R
e{
M

⇤ }

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="zgunDS82rBGDX+bL/bX2/w1CGeA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahF0siih4LXjy2YGuhjWWz3bRLN9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR26hUM95iSirdCajhUsS8hQIl7ySa0yiQ/CEY3878hyeujVDxPU4S7kd0GItQMIpW6vakGpLmY3buTfvliltz5yCrxMtJBXI0+uWv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aGtOIGz+bnzwlZ1YZkFBpWzGSufp7IqORMZMosJ0RxZFZ9mbif143xfDGz0ScpMhjtlgUppKgIrP/yUBozlBOLKFMC3srYSOqKUObUsmG4C2/vEraFzXvquY2Lyv1ah5HEU7gFKrgwTXU4Q4a0AIGCp7hFd4cdF6cd+dj0Vpw8plj+APn8wdihpCV</latexit> lo
g
Q

�
1

high 
frequency 

body 
waveslower frequency 

surface waves and normal modes

(b) GIA sampling of mechanical properties

Wave-speed 
reduction

Attenuation

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="IMekhozGT1iQ4UiKuM7TEOucdZQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahp5KIoseCF48V7Ac0oWw203bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UGArO0Eq+j0JGkPuAbDao1tyGuwBdJ15BaqRAa1D98qOEZzEo5JIZ0/fcFIOcaRRcwqziZwZSxidsBH1LFYvBBPni5hm9sEpEh4m2pZAu1N8TOYuNmcah7YwZjs2qNxf/8/oZDm+DXKg0Q1B8uWiYSYoJnQdAI6GBo5xawrgW9lbKx0wzjjamig3BW315nXQuG951w324qjXrRRxlckbOSZ145IY0yT1pkTbhJCXP5JW8OZnz4rw7H8vWklPMnJI/cD5/AGmAkdg=</latexit> ⌘̃

*note, these are not to scale

ice age 
cycles

lake rebound

centennial or higher 
frequency rebound

Apparent Viscosity

analogue in seismology 

wave-speeds reduce at low 
frequency

(Kanamori & Anderson, 1977) 

attenuation increases at low 
frequency

(Lekic et al., 2009; Lau & Faul, 2018)

data sample the underlying 
frequency dependent parameters
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Apparent Viscosity

<latexit sha1_base64="AgQ7UlA5umMqq5EJIsngnUFju4s=">AAACG3icbZDLSgMxFIYz9VbrrerSTbAIVbDMFEWXRTduhAr2Ap2xZNIzbWjmYpIplKHv4cZXceNCEVeCC9/GtB1QWw8EPv7/HE7O70acSWWaX0ZmYXFpeSW7mltb39jcym/v1GUYCwo1GvJQNF0igbMAaoopDs1IAPFdDg23fzn2GwMQkoXBrRpG4PikGzCPUaK01M6XbVDk7qhohz50ySG24T5mA3zMbE8Qmlz/WKNkCqN2vmCWzEnhebBSKKC0qu38h90JaexDoCgnUrYsM1JOQoRilMMoZ8cSIkL7pAstjQHxQTrJ5LYRPtBKB3uh0C9QeKL+nkiIL+XQd3WnT1RPznpj8T+vFSvv3ElYEMUKAjpd5MUcqxCPg8IdJoAqPtRAqGD6r5j2iA5F6ThzOgRr9uR5qJdL1mnJvDkpVC7SOLJoD+2jIrLQGaqgK1RFNUTRA3pCL+jVeDSejTfjfdqaMdKZXfSnjM9vyMigqw==</latexit>

⌘⇤(!) ⌘ �i
M⇤(!)

!

Complex viscosity,  η*(ω) Just as M*(ω) 
(a complex function that 

smoothly varies in frequency) 
may be derived for any 

viscoelastic model 
(Maxwell, Andrade, etc.), 

η*(ω) can be.

Lau & Holtzman, 20199



Apparent Viscosity

<latexit sha1_base64="AgQ7UlA5umMqq5EJIsngnUFju4s=">AAACG3icbZDLSgMxFIYz9VbrrerSTbAIVbDMFEWXRTduhAr2Ap2xZNIzbWjmYpIplKHv4cZXceNCEVeCC9/GtB1QWw8EPv7/HE7O70acSWWaX0ZmYXFpeSW7mltb39jcym/v1GUYCwo1GvJQNF0igbMAaoopDs1IAPFdDg23fzn2GwMQkoXBrRpG4PikGzCPUaK01M6XbVDk7qhohz50ySG24T5mA3zMbE8Qmlz/WKNkCqN2vmCWzEnhebBSKKC0qu38h90JaexDoCgnUrYsM1JOQoRilMMoZ8cSIkL7pAstjQHxQTrJ5LYRPtBKB3uh0C9QeKL+nkiIL+XQd3WnT1RPznpj8T+vFSvv3ElYEMUKAjpd5MUcqxCPg8IdJoAqPtRAqGD6r5j2iA5F6ThzOgRr9uR5qJdL1mnJvDkpVC7SOLJoD+2jIrLQGaqgK1RFNUTRA3pCL+jVeDSejTfjfdqaMdKZXfSnjM9vyMigqw==</latexit>

⌘⇤(!) ⌘ �i
M⇤(!)

!

Complex viscosity,  η*(ω)

Lau & Holtzman, 2019

We propose that 
estimates we see 

probe the 
apparent viscosity

a measure of the 
degree of viscous 

dissipation 

<latexit sha1_base64="RCeuRqatMsg97miFl/KB0ZG7uD8="></latexit>

⌘̃(!) = k⌘⇤(!)k

10



Apparent Plate Thickness

Maxwell Timescale, τM

Lau & Holtzman, 2019; Lau et al., 2020

We propose a 
frequency dependent 

measure 
apparent LAB depth

at any given timescale, the 
depth at which the elastic 

to viscous transition 
occurs  

<latexit sha1_base64="YMTB80+pw6iNCXNQ29jzhLODLuM=">AAACFHicbVBNS8NAEN34WetX1KOXxSIIQklE0aPoxUuhgtVCU8JmO6mLm03cnQgl5Ed48a948aCIVw/e/DduPw5+PRh4vDfDzLwok8Kg5306U9Mzs3PzlYXq4tLyyqq7tn5p0lxzaPFUprodMQNSKGihQAntTANLIglX0c3p0L+6A21Eqi5wkEE3YX0lYsEZWil0dwNkeVgEOqGNkgZwm4s7GsSa8SIAZKFXFo0wECrGQRm6Na/ujUD/En9CamSCZuh+BL2U5wko5JIZ0/G9DLsF0yi4hLIa5AYyxm9YHzqWKpaA6Rajp0q6bZUejVNtSyEdqd8nCpYYM0gi25kwvDa/vaH4n9fJMT7qFkJlOYLi40VxLimmdJgQ7QkNHOXAEsa1sLdSfs1sImhzrNoQ/N8v/yWXe3X/oO6d79eOTyZxVMgm2SI7xCeH5JickSZpEU7uySN5Ji/Og/PkvDpv49YpZzKzQX7Aef8CW8qfBw==</latexit>

⌧M ⌘ ⌘0
M1

<latexit sha1_base64="wBrMHYgfJp0+Q5BqVJKBSgFXgKM=">AAACHnicbVBNSwMxEM3Wr1q/qh69BItQL2VXLHoUvXgpVLBV6JYlm85qaDa7JrNCXfpLvPhXvHhQRPCk/8a09qDVBwMv782QmRemUhh03U+nMDM7N79QXCwtLa+srpXXN9omyTSHFk9koi9DZkAKBS0UKOEy1cDiUMJF2D8Z+Re3oI1I1DkOUujG7EqJSHCGVgrKdR9ZFuS+jmljSKt3u9SHm0zcUj/SjOc+IAtcKw/zRuALFeFg9AjKFbfmjkH/Em9CKmSCZlB+93sJz2JQyCUzpuO5KXZzplFwCcOSnxlIGe+zK+hYqlgMppuPzxvSHav0aJRoWwrpWP05kbPYmEEc2s6Y4bWZ9kbif14nw+iwmwuVZgiKf38UZZJiQkdZ0Z7QwFEOLGFcC7sr5dfM5oI20ZINwZs++S9p79W8es09268cHU/iKJItsk2qxCMH5IickiZpEU7uySN5Ji/Og/PkvDpv360FZzKzSX7B+fgCNSah7A==</latexit>

⌧M(z) ⌘ ⌘0(z)

M1(z)
<latexit sha1_base64="6Z0xlw8Opi4gKwfCw5suVkLYdHQ="></latexit>

z̃LAB(!) ⌘ z|⌧M=!�1
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(a) Seismic sampling of mechanical properties

high frequency body 
waves

lower frequency 
surface waves and 
normal modes

<latexit sha1_base64="legHKogxwtd/yVsYPydCkIWGBb4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UoLkoiii4LbtwIVewDmlgm02k7dB5hZlIsIX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7TxQzqo3nfTuFldW19Y3iZmlre2d3z90/aGqZKEwaWDKp2hHShFFBGoYaRtqxIohHjLSi0fXUb42J0lSKBzOJScjRQNA+xchYqeu6AY/kU3pPsiC9fTwNsq5b9qreDHCZ+Dkpgxz1rvsV9CROOBEGM6R1x/diE6ZIGYoZyUpBokmM8AgNSMdSgTjRYTq7PIMnVunBvlS2hIEz9fdEirjWEx7ZTo7MUC96U/E/r5OY/lWYUhEnhgg8X9RPGDQSTmOAPaoINmxiCcKK2lshHiKFsLFhlWwI/uLLy6R5VvUvqt7deblWyeMogiNwDCrAB5egBm5AHTQABmPwDF7Bm5M6L8678zFvLTj5zCH4A+fzB38nk3s=</latexit>

R
e{
M

⇤ }

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="zgunDS82rBGDX+bL/bX2/w1CGeA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahF0siih4LXjy2YGuhjWWz3bRLN9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR26hUM95iSirdCajhUsS8hQIl7ySa0yiQ/CEY3878hyeujVDxPU4S7kd0GItQMIpW6vakGpLmY3buTfvliltz5yCrxMtJBXI0+uWv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aGtOIGz+bnzwlZ1YZkFBpWzGSufp7IqORMZMosJ0RxZFZ9mbif143xfDGz0ScpMhjtlgUppKgIrP/yUBozlBOLKFMC3srYSOqKUObUsmG4C2/vEraFzXvquY2Lyv1ah5HEU7gFKrgwTXU4Q4a0AIGCp7hFd4cdF6cd+dj0Vpw8plj+APn8wdihpCV</latexit> lo
g
Q

�
1

high 
frequency 

body 
waveslower frequency 

surface waves and normal modes

(b) GIA sampling of mechanical properties

Wave-speed 
reduction

Attenuation

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="IMekhozGT1iQ4UiKuM7TEOucdZQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahp5KIoseCF48V7Ac0oWw203bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UGArO0Eq+j0JGkPuAbDao1tyGuwBdJ15BaqRAa1D98qOEZzEo5JIZ0/fcFIOcaRRcwqziZwZSxidsBH1LFYvBBPni5hm9sEpEh4m2pZAu1N8TOYuNmcah7YwZjs2qNxf/8/oZDm+DXKg0Q1B8uWiYSYoJnQdAI6GBo5xawrgW9lbKx0wzjjamig3BW315nXQuG951w324qjXrRRxlckbOSZ145IY0yT1pkTbhJCXP5JW8OZnz4rw7H8vWklPMnJI/cD5/AGmAkdg=</latexit> ⌘̃

*note, these are not to scale

ice age 
cycles

lake rebound

centennial or higher 
frequency rebound

Apparent Viscosity

Sample Apparent Viscosity and Apparent Lithospheric Thickness

(a) Seismic sampling of mechanical properties

high frequency body 
waves

lower frequency 
surface waves and 
normal modes

<latexit sha1_base64="legHKogxwtd/yVsYPydCkIWGBb4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UoLkoiii4LbtwIVewDmlgm02k7dB5hZlIsIX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7TxQzqo3nfTuFldW19Y3iZmlre2d3z90/aGqZKEwaWDKp2hHShFFBGoYaRtqxIohHjLSi0fXUb42J0lSKBzOJScjRQNA+xchYqeu6AY/kU3pPsiC9fTwNsq5b9qreDHCZ+Dkpgxz1rvsV9CROOBEGM6R1x/diE6ZIGYoZyUpBokmM8AgNSMdSgTjRYTq7PIMnVunBvlS2hIEz9fdEirjWEx7ZTo7MUC96U/E/r5OY/lWYUhEnhgg8X9RPGDQSTmOAPaoINmxiCcKK2lshHiKFsLFhlWwI/uLLy6R5VvUvqt7deblWyeMogiNwDCrAB5egBm5AHTQABmPwDF7Bm5M6L8678zFvLTj5zCH4A+fzB38nk3s=</latexit>

R
e{
M

⇤ }

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="zgunDS82rBGDX+bL/bX2/w1CGeA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahF0siih4LXjy2YGuhjWWz3bRLN9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR26hUM95iSirdCajhUsS8hQIl7ySa0yiQ/CEY3878hyeujVDxPU4S7kd0GItQMIpW6vakGpLmY3buTfvliltz5yCrxMtJBXI0+uWv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aGtOIGz+bnzwlZ1YZkFBpWzGSufp7IqORMZMosJ0RxZFZ9mbif143xfDGz0ScpMhjtlgUppKgIrP/yUBozlBOLKFMC3srYSOqKUObUsmG4C2/vEraFzXvquY2Lyv1ah5HEU7gFKrgwTXU4Q4a0AIGCp7hFd4cdF6cd+dj0Vpw8plj+APn8wdihpCV</latexit>

lo
g
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�
1

high 
frequency 

body 
waveslower frequency 

surface waves and normal modes

(b) GIA sampling of mechanical properties

Wave-speed 
reduction

Attenuation

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="IMekhozGT1iQ4UiKuM7TEOucdZQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahp5KIoseCF48V7Ac0oWw203bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UGArO0Eq+j0JGkPuAbDao1tyGuwBdJ15BaqRAa1D98qOEZzEo5JIZ0/fcFIOcaRRcwqziZwZSxidsBH1LFYvBBPni5hm9sEpEh4m2pZAu1N8TOYuNmcah7YwZjs2qNxf/8/oZDm+DXKg0Q1B8uWiYSYoJnQdAI6GBo5xawrgW9lbKx0wzjjamig3BW315nXQuG951w324qjXrRRxlckbOSZ145IY0yT1pkTbhJCXP5JW8OZnz4rw7H8vWklPMnJI/cD5/AGmAkdg=</latexit> ⌘̃

*note, these are not to scale

ice age 
cycles

lake rebound

centennial or higher 
frequency rebound

Apparent Viscosity

12



(a) Seismic sampling of mechanical properties

high frequency body 
waves

lower frequency 
surface waves and 
normal modes

<latexit sha1_base64="legHKogxwtd/yVsYPydCkIWGBb4=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0UoLkoiii4LbtwIVewDmlgm02k7dB5hZlIsIX/ixoUibv0Td/6N0zYLbT1w4XDOvdx7TxQzqo3nfTuFldW19Y3iZmlre2d3z90/aGqZKEwaWDKp2hHShFFBGoYaRtqxIohHjLSi0fXUb42J0lSKBzOJScjRQNA+xchYqeu6AY/kU3pPsiC9fTwNsq5b9qreDHCZ+Dkpgxz1rvsV9CROOBEGM6R1x/diE6ZIGYoZyUpBokmM8AgNSMdSgTjRYTq7PIMnVunBvlS2hIEz9fdEirjWEx7ZTo7MUC96U/E/r5OY/lWYUhEnhgg8X9RPGDQSTmOAPaoINmxiCcKK2lshHiKFsLFhlWwI/uLLy6R5VvUvqt7deblWyeMogiNwDCrAB5egBm5AHTQABmPwDF7Bm5M6L8678zFvLTj5zCH4A+fzB38nk3s=</latexit>

R
e{
M

⇤ }

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="zgunDS82rBGDX+bL/bX2/w1CGeA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahF0siih4LXjy2YGuhjWWz3bRLN9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR26hUM95iSirdCajhUsS8hQIl7ySa0yiQ/CEY3878hyeujVDxPU4S7kd0GItQMIpW6vakGpLmY3buTfvliltz5yCrxMtJBXI0+uWv3kCxNOIxMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aGtOIGz+bnzwlZ1YZkFBpWzGSufp7IqORMZMosJ0RxZFZ9mbif143xfDGz0ScpMhjtlgUppKgIrP/yUBozlBOLKFMC3srYSOqKUObUsmG4C2/vEraFzXvquY2Lyv1ah5HEU7gFKrgwTXU4Q4a0AIGCp7hFd4cdF6cd+dj0Vpw8plj+APn8wdihpCV</latexit> lo
g
Q

�
1

high 
frequency 

body 
waveslower frequency 

surface waves and normal modes

(b) GIA sampling of mechanical properties

Wave-speed 
reduction

Attenuation

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1

<latexit sha1_base64="TMWQznPFqGBpPEM7h8+14VphXy0=">AAAB8HicbVDLSgNBEJz1GeMr6tHLYBByCrui6DHgxWME85DsEmYns8mQeSwzvcIS8hVePCji1c/x5t84SfagiQUNRVU33V1xKrgF3//21tY3Nre2Szvl3b39g8PK0XHb6sxQ1qJaaNONiWWCK9YCDoJ1U8OIjAXrxOPbmd95YsZyrR4gT1kkyVDxhFMCTnoMQYdcJZD3K1W/7s+BV0lQkCoq0OxXvsKBpplkCqgg1vYCP4VoQgxwKti0HGaWpYSOyZD1HFVEMhtN5gdP8blTBjjRxpUCPFd/T0yItDaXseuUBEZ22ZuJ/3m9DJKbaMJVmgFTdLEoyQQGjWff4wE3jILIHSHUcHcrpiNiCAWXUdmFECy/vEraF/Xgqu7fX1YbtSKOEjpFZ6iGAnSNGugONVELUSTRM3pFb57xXrx372PRuuYVMyfoD7zPHxbOkIM=</latexit>! 1<latexit sha1_base64="aa7sJ0negSYGFgH38fSeNrFA72k=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoseCF48V7AckoWy2m3TpbjbsboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KONMG9f9diobm1vbO9Xd2t7+weFR/fikp2WuCO0SyaUaRFhTzlLaNcxwOsgUxSLitB9N7uZ+/4kqzWT6aKYZDQVOUhYzgo2V/IDLBAVS0AQP6w235S6A1olXkgaU6AzrX8FIklzQ1BCOtfY9NzNhgZVhhNNZLcg1zTCZ4IT6lqZYUB0Wi5Nn6MIqIxRLZSs1aKH+niiw0HoqItspsBnrVW8u/uf5uYlvw4KlWW5oSpaL4pwjI9H8fzRiihLDp5Zgopi9FZExVpgYm1LNhuCtvrxOepct77rlPlw12s0yjiqcwTk0wYMbaMM9dKALBCQ8wyu8OcZ5cd6dj2VrxSlnTuEPnM8f9P2Q9Q==</latexit>

log!

<latexit sha1_base64="IMekhozGT1iQ4UiKuM7TEOucdZQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahp5KIoseCF48V7Ac0oWw203bpZhN2J0IJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTHNo8kYnuhcyAFAraKFBCL9XA4lBCN5zczf3uE2gjEvWI0xSCmI2UGArO0Eq+j0JGkPuAbDao1tyGuwBdJ15BaqRAa1D98qOEZzEo5JIZ0/fcFIOcaRRcwqziZwZSxidsBH1LFYvBBPni5hm9sEpEh4m2pZAu1N8TOYuNmcah7YwZjs2qNxf/8/oZDm+DXKg0Q1B8uWiYSYoJnQdAI6GBo5xawrgW9lbKx0wzjjamig3BW315nXQuG951w324qjXrRRxlckbOSZ145IY0yT1pkTbhJCXP5JW8OZnz4rw7H8vWklPMnJI/cD5/AGmAkdg=</latexit> ⌘̃

*note, these are not to scale

ice age 
cycles

lake rebound

centennial or higher 
frequency rebound

Apparent Viscosity

Sample Apparent Viscosity and Apparent Lithospheric Thickness

Question

If we account for the frequency dependence 
of viscous dissipation, can we map this 

frequency dependence? 
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Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations
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Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations

Use tomography models from 
each location

W. USA: Shen & Ritzwoller (2016)
Antarctica: Lloyd et al. (2019)

Use constitutive laws to map 
mechanical (vs) observations 

(at seismic timescale) to 
temperature, pressure 

(a) (b)

W-NA

ANT-P

W-ANT

(c) (d) (e) (f)

W-NA: Western North America
W-ANT: Western Antarctica
ANT-P: Antarctic Peninsula
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Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations

Using experimentally 
determined constitutive 
laws, predict M*(ω)  as a 

function of depth
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Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations

Using experimentally 
determined constitutive 
laws, predict M*(ω)  as a 

function of depth

Self-consistently tie elastic, 
anelastic, and viscous constitutive 
laws to predict M*(ω) across the 

entire spectrum,

Elastic: Stixtude & Lithgow-Bertelloni (2005)
Anelastic: MacCarthy et al. (2011)
Viscous: Hirth & Kohlstedt (2004) 

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

(a) Western North America (b) Western North America (c) Antarctic Peninsula

! (km) ! (km)! (km)

darker colors deeper
z =(50-350) km

W-NA

W-ANT

ANT-P
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Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations

Using experimentally 
determined constitutive 
laws, predict M*(ω)  as a 

function of depth

Extract apparent 
asthenospheric viscosity 
and plate thickness for 

each

18



Predicting Apparent Viscosity and Apparent Lithospheric Thickness

Determining 
thermodynamic 

conditions of subsurface 
at a given locations

Using experimentally 
determined constitutive 
laws, predict M*(ω)  as a 

function of depth

Extract apparent 
asthenospheric viscosity 
and plate thickness for 

each

For all conversions between 
thermodynamic state to 

mechanical parameters, we used 
the open source software 

package: the “Very Broadband 
Rheology Calculator”
(Havlin et al., 2020)

19



Results: Steady State Viscosity

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

(a) (b)

W-NA

ANT-P

W-ANT

(c) (d) (e) (f)
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(a) (b)

W-NA

ANT-P

W-ANT

(c) (d) (e) (f)



Results: Steady State Viscosity

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

(a) (b)

W-NA

ANT-P

W-ANT

(c) (d) (e) (f)
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predicted η0 values are too 
large and their range over 
depth does not cover the 

range of observations. 

synthetic
predictions

observations



Results: Apparent Viscosity
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Results: Apparent Viscosity
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Results: Apparent Viscosity
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<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>

Effective steady state stress 
is dominated by dashpot 

with lower viscosity

Solid colored lines

Arbitrary phenomenological model

transient

Additional stress dependent 
steady state dashpot 
considered for dislocation 
related creep

Maxwell
(no transient)

Burgers

transient ⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1

<latexit sha1_base64="84Lsgb1pfEK/RmSqLRlk85QY1Yc=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeCF48V7Ac2oWy2m3bpZhN2J0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nt3O/+8S1EYl6wGnKg5iOlIgEo2ilx8jHxBcqwumgWnPr7gJknXgFqUGB1qD65Q8TlsVcIZPUmL7nphjkVKNgks8qfmZ4StmEjnjfUkVjboJ8cfGMXFhlSKJE21JIFurviZzGxkzj0HbGFMdm1ZuL/3n9DKObIBcqzZArtlwUZZJgQubvk6HQnKGcWkKZFvZWwsZUU4Y2pIoNwVt9eZ10rupeo964b9SabhFHGc7gHC7Bg2towh20oA0MFDzDK7w5xnlx3p2PZWvJKWZO4Q+czx/dTJD+</latexit>

f ! 0

<latexit sha1_base64="MRW3SbFQ7GgEra+L/yOJHm88T4A=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhCswp0EtAzYWEbwkkByhL3NXrJkb/fYnRNCyG+wsVDE1h9k579xk1yhiQ8GHu/NMDMvzqSw6Pvf3sbm1vbObmmvvH9weHRcOTltWZ0bxkOmpTadmFouheIhCpS8kxlO01jydjy+m/vtJ26s0OoRJxmPUjpUIhGMopPCpIfa71eqfs1fgKyToCBVKNDsV756A83ylCtkklrbDfwMoyk1KJjks3IvtzyjbEyHvOuooim30XRx7IxcOmVAEm1cKSQL9ffElKbWTtLYdaYUR3bVm4v/ed0ck9toKlSWI1dsuSjJJUFN5p+TgTCcoZw4QpkR7lbCRtRQhi6fsgshWH15nbSua0G9Vn+oVxt+EUcJzuECriCAG2jAPTQhBAYCnuEV3jzlvXjv3seydcMrZs7gD7zPH4vVjnY=</latexit>

Addition of dislocation creep

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

Extended Burgers when ! = finite
Andrade when ! = ∞

M1

<latexit sha1_base64="CQOIEF7ey8RdyielPZ09y99Lfl8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16EivYD2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53CxubW9k5xt7S3f3B4VD4+aes4VQxbLBax6gZUo+ASW4Ybgd1EIY0CgZ1gcjP3O0+oNI/lo5km6Ed0JHnIGTVWergbeINyxa25C5B14uWkAjmag/JXfxizNEJpmKBa9zw3MX5GleFM4KzUTzUmlE3oCHuWShqh9rPFqTNyYZUhCWNlSxqyUH9PZDTSehoFtjOiZqxXvbn4n9dLTXjtZ1wmqUHJlovCVBATk/nfZMgVMiOmllCmuL2VsDFVlBmbTsmG4K2+vE7alzWvXqvf1yuNah5HEc7gHKrgwRU04Baa0AIGI3iGV3hzhPPivDsfy9aCk8+cwh84nz/Ek41i</latexit>

MN

<latexit sha1_base64="HSCRlJU4hnhxXrJjua/eQY1Lc+s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL16UirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GrmPz6h0jyWD2aSoB/RoeQhZ9RY6f6mf9svV9yaOwdZJV5OKpCj2S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bnzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ISXfsZlkhqUbLEoTAUxMZn9TQZcITNiYgllittbCRtRRZmx6ZRsCN7yy6ukfV7z6rX6Xb3SqOZxFOEETqEKHlxAA66hCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kD8IeNfw==</latexit>

⌘1

<latexit sha1_base64="jw0QCPp/l9oC/sYMYVW26VQnCs8=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBByCrsS0GPAi8cI5gHJEmYns8mY2ZllplcIIf/gxYMiXv0fb/6Nk2QPmljQUFR1090VpVJY9P1vb2Nza3tnt7BX3D84PDounZy2rM4M402mpTadiFouheJNFCh5JzWcJpHk7Wh8O/fbT9xYodUDTlIeJnSoRCwYRSe1ehxpP+iXyn7VX4CskyAnZcjR6Je+egPNsoQrZJJa2w38FMMpNSiY5LNiL7M8pWxMh7zrqKIJt+F0ce2MXDplQGJtXCkkC/X3xJQm1k6SyHUmFEd21ZuL/3ndDOObcCpUmiFXbLkoziRBTeavk4EwnKGcOEKZEe5WwkbUUIYuoKILIVh9eZ20rqpBrVq7r5XrlTyOApzDBVQggGuowx00oAkMHuEZXuHN096L9+59LFs3vHzmDP7A+/wBKwaOyQ==</latexit>

⌘N

<latexit sha1_base64="iNi2GYyCPuxQioaGeGSzIeLfFmA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBahp5JIQY8FL56kgv2ANpTNdtOu3WzC7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmvEWi2WsuwE1XArFWyhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBSt1O5zpIO7Qbni1twFyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4trZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf50MheYM5dQSyrSwtxI2ppoytAGVbAje6svrpH1Z8+q1+n290qjmcRThDM6hCh5cQQNuoQktYPAIz/AKb07svDjvzseyteDkM6fwB87nD1b6juY=</latexit>

i = 1, 2, .., N

<latexit sha1_base64="0GqWeNRsywPVuNBDKoUWWcB1YdY=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahhxKSEtCLUPDiSSrYD2xD2Ww37dLNJuxuhBL6L7x4UMSr/8ab/8Ztm4O2Phh4vDfDzLwg4Uxpx/m2ChubW9s7xd3S3v7B4VH5+KSt4lQS2iIxj2U3wIpyJmhLM81pN5EURwGnnWByM/c7T1QqFosHPU2oH+GRYCEjWBvpkV27tXrNtmt3g3LFsZ0F0Dpxc1KBHM1B+as/jEkaUaEJx0r1XCfRfoalZoTTWamfKppgMsEj2jNU4IgqP1tcPEMXRhmiMJamhEYL9fdEhiOlplFgOiOsx2rVm4v/eb1Uh1d+xkSSairIclGYcqRjNH8fDZmkRPOpIZhIZm5FZIwlJtqEVDIhuKsvr5N23XY927v3Ko1qHkcRzuAcquDCJTTgFprQAgICnuEV3ixlvVjv1seytWDlM6fwB9bnD91ljwI=</latexit>

⌘0

<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

⌘disl(�)

<latexit sha1_base64="Mp0uSzkKu14xq/BOp3PBpw555gg=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkUtBlwY3LCvYBTQiT6aQdOpOEmRuhhLrxV9y4UMStf+HOv3HaZqGtBwYO59zLnXPCVHANjvNtldbWNza3ytuVnd29/QP78Kijk0xR1qaJSFQvJJoJHrM2cBCslypGZChYNxzfzPzuA1OaJ/E9TFLmSzKMecQpASMF9onHgAS5pyQecC2muOZpPpTkIrCrTt2ZA68StyBVVKAV2F/eIKGZZDFQQbTuu04Kfk4UcCrYtOJlmqWEjsmQ9Q2NiWTaz+cJpvjcKAMcJcq8GPBc/b2RE6n1RIZmUhIY6WVvJv7n9TOIrv2cx2kGLKaLQ1EmMCR4VocJrRgFMTGEUMXNXzEdEUUomNIqpgR3OfIq6VzW3Ua9cdeoNp2ijjI6RWeohlx0hZroFrVQG1H0iJ7RK3qznqwX6936WIyWrGLnGP2B9fkDwPuWYg==</latexit>

⌘0 ! ⌘0(�)

<latexit sha1_base64="ttxr2+ZBDBRq4PhTJA1SQmrYpVw=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEuimJFHRZcOOygn1AE8JketMOnUnCzEQoobjxV9y4UMStX+HOv3HaZqGtBwYO59zLnXPClDOlHefbKq2tb2xulbcrO7t7+wf24VFHJZmk0KYJT2QvJAo4i6GtmebQSyUQEXLohuObmd99AKlYEt/rSQq+IMOYRYwSbaTAPvFAk8DBnk7wgtY8xYaCXAR21ak7c+BV4hakigq0AvvLGyQ0ExBryolSfddJtZ8TqRnlMK14mYKU0DEZQt/QmAhQfj6PMMXnRhngKJHmxRrP1d8bORFKTURoJgXRI7XszcT/vH6mo2s/Z3GaaYjp4lCUcWzyzvrAAyaBaj4xhFDJzF8xHRFJqDatVUwJ7nLkVdK5rLuNeuOuUW06RR1ldIrOUA256Ao10S1qoTai6BE9o1f0Zj1ZL9a79bEYLVnFzjH6A+vzB3JUliE=</latexit>
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Results: Apparent Viscosity

(a) Western North America

(b) Western Antarctica

(c) Antarctic Peninsula

(i) (ii)

(iii)

(i) (ii)

(iii)

(i) (ii)

(iii)

(a) Western North America

(b) Western Antarctica

(c) Antarctic Peninsula

(i) (ii)

(iii)

(i) (ii)

(iii)

(i) (ii)

(iii)

(a) Western North America

(b) Western Antarctica

(c) Antarctic Peninsula

(i) (ii)

(iii)

(i) (ii)

(iii)

(i) (ii)

(iii)

Shaded Area:
Effect of steady state dislocation creep affects 

apparent viscosity

Suggests some observations may require 
dislocation-related deformation

(a) Western North America

(b) Western Antarctica

(c) Antarctic Peninsula

(i) (ii)

(iii)

(i) (ii)

(iii)

(i) (ii)

(iii)

25

Western 
North

America

Western 
Antarctica

Antarctic
Peninsula



Results: Apparent Viscosity
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<latexit sha1_base64="/lqNKyzvoJRF1yPhyMNYXEBnX/4=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI8BLx4jmAckS5id9CZjZmeWmV4hhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlEph0fe/vcLG5tb2TnG3tLd/cHhUPj5pWZ0ZDk2upTadiFmQQkETBUropAZYEkloR+Pbud9+AmOFVg84SSFM2FCJWHCGTmr1AFnf75crftVfgK6TICcVkqPRL3/1BppnCSjkklnbDfwUwykzKLiEWamXWUgZH7MhdB1VLAEbThfXzuiFUwY01saVQrpQf09MWWLtJIlcZ8JwZFe9ufif180wvgmnQqUZguLLRXEmKWo6f50OhAGOcuII40a4WykfMcM4uoBKLoRg9eV10rqqBrVq7b5Wqft5HEVyRs7JJQnINamTO9IgTcLJI3kmr+TN096L9+59LFsLXj5zSv7A+/wBK+qO0A==</latexit>

M1

<latexit sha1_base64="rED52ut8kaJPXV/6Dzo6TwPJHIk=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fjw4kWoYD+gDWWz3bRLN5u4OxFC6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777aytb2xubZd2yrt7+weHlaPjtolTzXiLxTLW3YAaLoXiLRQoeTfRnEaB5J1gcjPzO09cGxGrB8wS7kd0pEQoGEUrde8GfaFCzAaVqltz5yCrxCtIFQo0B5Wv/jBmacQVMkmN6Xlugn5ONQom+bTcTw1PKJvQEe9ZqmjEjZ/P752Sc6sMSRhrWwrJXP09kdPImCwKbGdEcWyWvZn4n9dLMbz2c6GSFLlii0VhKgnGZPY8GQrNGcrMEsq0sLcSNqaaMrQRlW0I3vLLq6R9WfPqtfp9vdpwizhKcApncAEeXEEDbqEJLWAg4Rle4c15dF6cd+dj0brmFDMn8AfO5w8SDI/x</latexit>

f ! 1
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Results: Apparent Plate Thickness
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longer timescales

At high frequency, hotter (deeper) 
conditions are required to reach the 

elastic-viscous transition
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Results: Apparent Plate Thickness
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Results: Apparent Plate Thickness
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dislocation-related deformation
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Results: Apparent Plate Thickness
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Summary

Each of the observations used were 
from independent studies and each 

come with their own assumptions but 
we took their asthenospheric 

viscosity estimates at face value.

A more thorough exploration would be to 
repeat each of these studies under a 

consistent framework.
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Summary

Laboratory derived (involving 
significant extrapolation) constitutive 

laws do remarkably well fitting 
observations when interpreted as 

apparent quantities.

Are we at a place to go between the two 
to understand rheology?

Each of the observations used were 
from independent studies and each 

come with their own assumptions but 
we took their asthenospheric 

viscosity estimates at face value.

A more thorough exploration would be to 
repeat each of these studies under a 

consistent framework.
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Summary

With the wealth of observations we 
have now, is it possible to map out how  
dissipation as a function of frequency if 
we mindfully attempt to fit apparent 
quantities than discrete dashpots?
Post seismic rebound, ice sheet collapse, 

centennial melt, ice age melt, lake rebound

Laboratory derived (involving 
significant extrapolation) constitutive 

laws do remarkably well fitting 
observations when interpreted as 

apparent quantities.

Are we at a place to go between the two 
to understand rheology?

Each of the observations used were 
from independent studies and each 

come with their own assumptions but 
we took their asthenospheric 

viscosity estimates at face value.

A more thorough exploration would be to 
repeat each of these studies under a 

consistent framework.
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